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PREFACE 
This  r epor t  was  p repa red  by McDonnell Douglas Astronaut ics  C-ompany 
under Cont rac t  NAS3- 14381. 
National Aeronaut ics  and Space Adm.inistration, Lewis Resea rch  Center ,  
Chemica l  and Nuclear  Rocket P rocuremen t  Section, Cleveland, Ohio. 
The NASA Pro jec t  Manager for  the contract  is Mr. Erwin  A. Edelman. 
This is the final r epor t  on the contract ,  and i t  s u m m a r i z e s  the technical  
effor t  f r o m  1 July 1971 to 31 January  1972. 
The cont rac t  is adminis te red  by the 
. . .  
I l l  
ABST RA CT 
A comprehensive analytical  and exper imenta l  p r o g r a m  was  per formed 
to evaluate the per formance  of a unique fluorine-hydrogen je t -pump 
injector  fo r  m a i n  tank injection (MTI) pressur iza t ion  of a liquid hydro- 
gen (LH2)  tank. 
LH 
injector  and MTI p r e s s u r e  control  s y s t e m  in a 28.3m 
flight-weight LH tank. Although the injector  did not effectively je t -  
pump LH continuously, it showed improved pressur iza t ion  per formance  
compared to s t ra ight-pipe in jec tors  tes ted under  the same  conditions in 
a previous program.  
per formance  predict ion for  the je t -pump injector.  
The injector  per formance  during pressur iza t ion  and 
expulsion was  determined by a s e r i e s  of seven t e s t s  of a ful l -scale  
3 3 2 ( 1 ,  000 ft  ) 
2 
2 
The MTI computer  code was modified to allow 
V 
SUMMARY 
A comprehens ive  analyt ical  and exper imenta l  p r o g r a m  was  per formed 
to evaluate  the per formance  of a unique two-stage supersonic  je t -pump 
injector ,  developed by North Amer ican  Rockwell-Rocketdyne ( N A R )  
f o r  main  tank injection (MTI) p re s su r i za t ion  of l a rge - sca l e  liquid 
hydrogen (LH2) tanks.  The injector  f i r s t  s tage u s e s  the injectant 
gaseous  fluorine ( G F  ) to pump sufficient hydrogen (design O / F  ra t io  2 
of 800 : l )  to heat  the G F  
second stage,  the heated G F  
to  a low p r e s s u r e  which is used to pump L H  
downs t r eam combustion zone a t  a design O / F  r a t io  of 1. 8 : l .  
resu l tan t  hot hydrogen a t  1555°K (2800"R) i s  used to p r e s s u r i z e  the 
LH2 tank. (1, 000-ft ) flight- 
weight LH 
NAS3- 13306 to evaluate s t ra ight-pipe and diffuser-type MTI in jec tors .  
Seven t e s t s  were  per formed a t  var ied  LH 
ullage volumes f r o m  3 m3 (106 f t  ) to  26. 9 m 
surizat ion,  constant-pre  s s u r e  hold, and L H  expulsion a t  controlled 2 
tank p r e s s u r e s  of 30 x l o 4  N / m  
w e r e  demonst ra ted .  The injector  second s tage L H  pumping annulus 
was  damaged by overheating caused by i t s  inability to pump LH2 with 
l a rge  init ial  ul lages  and with cyclic operation. Nevertheless ,  the 
injector  demonst ra ted  improved p res su r i za t ion  per formance  ( l e s s  
GH 
in j ec to r s  tes ted previously.  
indicated that  the per formance  gain was due to f i r s t  s tage G F  
and second s tage GH 
t r a t ion  and ul lage mixing. 
code to  allow jet-pump injector  pe r fo rmance  predict ion.  
p r i o r  to enter ing the second stage.  In the 2 
i s  expanded through a supersonic  nozzle 2 
f r o m  the tank into a 
The 
2 
3 3 The injector  was tes ted in a 28. 3-m 
tank used in a previous p r o g r a m  under Contract  2 
outflow r a t e s  and with 
3 2 3  3 (950 ft ). P r e p r e s -  
2 2 (43 ps i a )  and 18 x l o 4  N / m  (26 p s i a )  
2 
usage and lower ullage t e m p e r a t u r e )  compared  to  straight-pipe 2 
Analytical  co r re l a t ion  of the data  
2 heating 
pumping which gave g r e a t e r  injectant j e t  pene-  2 
Modifications w e r e  made to  the MTI computer  
v i i  
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INTRODUCTION 
F o r  space  vehicles  using cryogenic propel lants ,  par t icu lar ly  those 
that r equ i r e  mult iburn operat ion,  tank p res su r i za t ion  can contribute 
significantly to the weight, complexity, and cos t  of the propulsion feed 
sys tem.  
(MTI)  technique can reduce  the weight and complexity of the sys tem.  
In the MTI technique, a hypergolic reac tan t  is injected into a propel-  
lant  tank and the heat  r e l eased  is used to p r e s s u r i z e  the tank. This  
technique h a s  resu l ted  in considerable  improvement  in per formance  
and cos t ,  especial ly  for  advanced hydrogen-fueled upper s tages .  
A tank p res su r i za t ion  concept called the main tank injection 
F r o m  July 1966 through Apr i l  1968, McDonnell Douglas Astronaut ics  
Company (MDAC) conducted an  MTI p res su r i za t ion  r e s e a r c h  p r o g r a m  
under NASA Contract  NAS3- 7963 to de te rmine ,  analytically and exper i -  
mental ly ,  the feasibil i ty,  l imitat ions,  and operating cha rac t e r i s t i c s  of 
smal l -  s ca l e  fluorine-hydrogen MTI pressur iza t ion  (Reference  1) .  
After  the s y s t e m  feasibi l i ty  and cha rac t e r i s t i c s  had been established, 
MDAC conducted a comprehensive p rogram to devise  a n  analyt ical  
method to pred ic t  MTI per formance  for  liquid hydrogen-fueled space 
vehicles  of any s i ze  and to develop and demonst ra te  a full-scale flight- 
type MTI p res su r i za t ion  sys t em.  
July 1969 through June 1970 under NASA Contract NAS3- 13306. 
This p r o g r a m  was conducted f r o m  
In Task  I of this  p rogram,  a computer  code was developed f r o m  an  
analyt ical  technique to predict  the per formance  and behavior of MTI 
p res su r i za t ion  of a liquid hydrogen (LH2)  tank through ullage injection 
of gaseous f luorine (GF2) .  
rout ines  to account for  injection j e t  penetrat ion,  ullage mixing, and 
tank wal l  and LH2 in te r face  hea t  (and m a s s )  t r a n s f e r  using the m o s t  
This  code, designated H819, included 
1 
advanced one-dimensional  nodal techniques.  In Task  11, a l a rge -  
scale  t e s t  appara tus ,  including MTI in jec tors ,  tank p r e s s u r e  control  
sys t em,  and instrumentat ion,  was designed for  installation in a 
28.3- m3 (1,  OOO-ft3) flight-weight Thor tank. 
injection s y s t e m  was t e s t - f i r ed  to a s s u r e  proper  durabili ty and per -  
formance  and then instal led in the 28. 3-m3 (1, OOO-ft3) LH2 tank. A 
s e r i e s  of 17 t e s t s  was per formed a t  ullage volumes f r o m  5 to 90  pe r -  
cent,  LH2 outflow r a t e s  f r o m  2.3 to 6 . 8  k g / s e c  ( 5  to 15 l b h e c ) ,  and 
tank p r e s s u r e s  of 17 x l o 4  and 30 x l o 4  N / m 2  (25 and 43 ps i a ) ,  uti l iz-  
ing both s t ra ight-pipe and diffuser- type in jec tors .  Tank p r e p r e s s u r i -  
zation, constant p r e s s u r e  hold a t  no outflow, and constant p r e s s u r e  
expulsion modes w e r e  demonstrated with tank p r e s s u r e  maintained 
constant  to within 0.  7 x l o 4  N / m 2  (1 p s i a ) .  
these  t e s t s  w e r e  analyzed and co r re l a t ed  with the H819 computer  code, 
and empir ical  fac tors  in the code were  determined. The H819 code 
was then used  to pred ic t  the per formance  of an MTI pressur iza t ion  
s y s t e m  designed for an  advanced Centaur- type vehicle.  
In Task  111, the MTI  
In Task  IV, the data  f r o m  
It was found f r o m  the MTI t e s t s  conducted under  Contract NAS3-13306 
and r epor t ed  in Reference  2 that when tank p res su r i za t ion  and expul- 
sion was per formed with a nea r ly  f u l l  tank (-5-percent ul lage) ,  the 
G F 2  je t  penetrated the L H i  interface and evaporated sufficient LH2 to 
keep  the ul lage t e m p e r a t u r e s  low. 
outflow, the LH2 evaporation ceased  and the ullage t e m p e r a t u r e s  r o s e  
rapidly.  The higher ullage t empera tu res  led  to g r e a t e r  tank wall  heat  
t r a n s f e r  l o s s e s ,  thus to increased  GF2 demand and consumption. It 
appeared  that if controlled ullage m a s s  addition w e r e  to occur  through- 
out the expulsion, lower t empera tu res  and reduced fluorine usage  could 
be real ized.  
As the in te r face  receded  during 
Concurrent  with the NAS3-13306 work by MDAC, North Amer ican  
Rockwell-Rocketdyne (NAR) was conducting a p r o g r a m  under NASA 
Contract NAS3-13328 to develop an  MTI injector  which u s e s  the GF2 
2 
inflow to je t -pump LH2 f r o m  the tank, vapor izes  the LH2, and 
de l ivers  a controlled flow of hot H2 into the ullage,  r e g a r d l e s s  of 
in te r face  location. 
durat ions under Contract NAS3- 13328 (Reference 3)  and per formed 
The NAR injector  was hot-f i red for shor t  
well  enough to justify pressur iza t ion  testing in the s a m e  28.3-m 3 
(1,  OOO-ft3) tank used for  the MDAC te s t s  under Contract NAS3- 13306. 
This  r e p o r t  desc r ibes  a p rogram in which the work per formed under 
Cont rac t  NAS3- 13306 was continued under Contract  NAS3- 14381. 
Essent ia l ly ,  the same  t e s t  appara tus  was used to evaluate the pe r -  
formance  of the advanced MTI injector  developed by NAR under 
Cont rac t  NAS3- 13328. The tank pressur iza t ion  per formance  of the 
in jec tor  was compared with the s t ra ight-pipe injector  per formance  
f i o m  Cont rac t  NAS3-13306, and the MTI computer  code (H819) was 
modified to allow injector  per formance  prediction. 
3 
PRESSURIZATION SYSTEM DESIGN 
INJECTOR DESIGN 
The design de ta i l s  of the NAR injector  a r e  descr ibed  in Reference 3. 
The overa l l  injector  configuration i s  shown in F igu re  1. 
ope ra t e s  nominally in this way. 
converging-diverging nozzle.  
ventur i  th roa t  pulls H2 f r o m  the vicinity of the second s tage  ventur i ,  
vapor izes  and hea t s  the H2 in a heat  exchanger ,  and pumps i t  through 
the cen te r  tube of the f i r s t  s tage ventur i  where it combusts  with the 
G F 2  at an  O / F  r a t io  of about 800: l .  With ambient  t empera tu re  G F 2  
inlet  conditions, this  O / F  ra t io  r e s u l t s  in a G F 2  t empera tu re  of about 
555°K (1 ,000"R)  enter ing the second stage.  
expanded through a converging-diverging nozzle  in  the second s tage 
ventur i  to a Mach number  of 1 .6 ,  which r e s u l t s  i n  a s ta t ic  G F 2  
p r e s s u r e  a t  the second s tage exit of about 16 percent  of the G F 2  inlet  
p r e s s u r e .  This  low s t a t i c  p r e s s u r e  provides  a p r e s s u r e  different ia l  
a c r o s s  the annulus a t  the second s tage for  pumping LH2 f r o m  the tank 
into the injector .  
controlled so that the second stage s ta t ic  p r e s s u r e  is  less than the 
LH2 p r e s s u r e ,  to provide pumping action. It was found during the 
Contract NAS3- 13328 work that the optimum G F 2  inlet  p r e s s u r e  
should be 2.25 t i m e s  the LH2 p r e s s u r e  (tank p r e s s u r e ) .  
The injector  
G F 2  e n t e r s  the f i r s t  s tage  ventur i ,  a 
The low s ta t ic  G F 2  p r e s s u r e  in the 
This hot G F 2  is again 
It i s  c l ea r  that  the G F z  inlet  p r e s s u r e  mus t  be 
It was de te rmined  f r o m  r e s u l t s  of the NAS3-13306 MTI t e s t s  (Refer -  
ence 2 )  that  during t e s t  No. ' s  2, 4,  8 ,  and 10, tank p r e s s u r e  col lapse 
o c c u r r e d  l a t e  in the t e s t s  because of insufficient G F Z  flow. 
of the data  indicated that a t  a tank p r e s s u r e  of 30 x l o 4  N / m 2  
(43 p s i a ) ,  LH2 outflow r a t e s  f r o m  5 .2  to 6.  7 k g / s e c  (1 1 . 5  to 14.8 l b /  
s ec ) , and  ullage t e m p e r a t u r e s  f r o m  165'K to 299°K (298"R to 538'R), 
Analysis  
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a G F 2  flow r a t e  f r o m  0.018 to 0.027 k g / s e c  (0.04 to 0.06 l b / s e c )  was 
r equ i r ed  to maintain tank p r e s s u r e .  
injector  developed under  Contract NAS3- 13328 a r e  shown in F igure  2. 
G F 2  inlet  p r e s s u r e s  in excess  of 207 x l o 4  N / m 2  (300 p s i a )  wo'uld be 
r equ i r ed  with this  injector  to obtain the requis i te  GF2 flow ra t e ;  
t he re fo re ,  a new scaled-up G F 2  injector  was obtained f r o m  NAR for  
tes t ing in the 28. 3-m3 (1, 000-ft3) t e s t  tank. 
The flow c h a r a c t e r i s t i c s  of the 
The new injector  design was establ ished by using sca l e  f ac to r s  to  
c r e a t e  a higher  flow r a t e  ve r s ion  of the NAS3-13328 injector .  
des ign  f luorine flow r a t e  was conservat ively se t  a t  0.0317 k g / s e c  
(0 .07  l b / s e c )  a t  294°K (530"R),  with an  inlet  p r e s s u r e  of 6 2  x l o 4  
N / m 2  (90  ps ia ) .  
venturi  of the injector .  
(0 .  0288 in. 2,  was  de te rmined  using a flow coefficient of 0. 98. 
resul t ing d i ame t ra l  sca le  factor  for the f i r s t  s tage  i s  2. 11: l .  
fac tor  was  used throughout the injector for  d iameter  dimensions,  
except for  the second sonic ventur i  contour where a value of 2.16:l  
was used to accommodate  anticipated changes in  operat ional  tern- 
p e r a t u r e s ,  i. e . ,  the l a r g e r  in jec tor  passages ,  having l e s s  boundary 
l aye r  effect, were  predicted to opera te  a t  a sl ightly higher  
t empera  tur  e.  
The 
Flow r a t e  is controlled by the f i r s t  s tage sonic 
An effective throat  a r e a  of 1 .89 x l o e 5  m2  
The 
This 
A length sca l e  fac tor  of 2 : l  was used in the design. 
simplification to faci l i ta te  scaling dimensions.  
and dimensional  de ta i l s  of the as -bui l t  in jector  a r e  shown in F igure  3 
(NAR Drawing A P  71-180). The injector  detai l  p a r t s  exposed to G F 2  
w e r e  fabr ica ted  f r o m  nickel 200 m a t e r i a l  (which has  excellent r e s i s t -  
ance  to hot G F 2 )  using e l ec t r i c  d i scharge  machining for the c r i t i c a l  
dimensions.  
The de ta i l  p a r t s  w e r e  welded together with al l  s e a m s  exposed to 
f luorine welded by the e lec t ron  beam p rocess .  
This value was a 
The final configuration 
These de ta i l s  p r i o r  to  a s sembly  a r e  shown in F igu re  4. 
Hydrogen jacket  welds 
7 
8 
11 
and ex terna l  welds in the s ta in less  s teel  outer  shel l  were  made using 
tungsten ine r t  gas  (TIG).  
were  attached with a fluorine- compatible b r a z e  alloy (gold-nickel-  
palladium alloy, Pa ln i ro  No. 7 ) .  The completed injector  i s  shown in 
F igure  5. 
The sma l l  tubes for hydrogen circulat ion 
The injector  configuration was somewhat different f r o m  the NAS3- 13328 
injector  in o rde r  to adapt the new injector  for  installation on the Thor 
t e s t  tank. 
tank, f i r ing  ver t ical ly  downward. The f i r s t  s tage was situated outside 
the tank (to reduce the rma l  e f fec ts  on f i r s t  s tage per formance)  while 
the second s tage was situated inside the tank. 
nozzle  has  an  annular  s lot  in it to reduce heat t r ans fe r  a c r o s s  the 
nozzle  to the incoming LH 
pinned and f r e e  to s l ide relat ive to the -003 body thus allowing for  
t he rma l  expansion of the injector  during fir ing.  The injector  was 
designed s o  the in te r ior  of the injector  can be purged with helium to  
prevent  cryopumping of air and freezing on the cold second s tage.  
shown in F igu re  1, the injector  was instrumented with chromel-a lumel  
thermocouples  (TI 1, 2, and 3 )  externa l  to the f i r s t  and second s t ages .  
The f i r s t  s tage thermocouple wi re  was routed through a hole in the 
-015 nozzle diffuser  body and the hole was sealed shut with epoxy on 
a s sembly .  
downst ream of the second s tage.  
The in jec tor  was mounted to an  existing flange on the t e s t  
The second s tage 
flow. At the G F Z  inlet ,  the -023 tube i s  2 
As 
A s t a t i c  p r e s s u r e  tap  was provided in the pumping region 
Following assembly ,  the injector  was flow- checked with GN2. 
computed G F 2  flow cha rac t e r i s t i c  of the injector  i s  shown in F igure  6. 
The H2 pumping cha rac t e r i s t i c s  for  the NAS3- 13328 injector ,  f r o m  
Reference  3, a r e  shown in F igure  7 ( the scaled-up injector  should have 
identical  LH2 flow c h a r a c t e r i s t i c s ) .  
shown is a t  a constant GFZ/LH2 p r e s s u r e  r a t i o  of 2. 25: l .  
GN2 flow cal ibrat ion,  the injector  was passivated with G F 2  by NAR 
and del ivered to MDAC for  tes t .  
The 
The theore t ica l  per formance  l ine 
After the 
12 
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Line and Shaded P o i n t  are Design Values 
Open P o i n t s  are T e s t  Data 
I 
10 20 30 40 50 60 80 100 
CF2 PRESSURE - PSIA 
.0b08 
-0363 
-0317 
.0272 
.00908 
Figure 6. Enlarged NAR Injector Flow Calibration 
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EXPERIMENTAL SYSTEM DESIGN 
The bas ic  exper imenta l  s y s t e m  design ( t e s t  tank, t e s t  facil i ty,  i n s t ru -  
mentation, etc.  ) was essent ia l ly  the s a m e  a s  used f o r  the NAS3-13306 
t e s t s  ( s ee  Reference  2), and is descr ibed i n  detail  in  this section. 
Modifications of the MTI s y s t e m  to adapt i t  to the NAR in jec tor  a r e  
descr ibed  in  the following section, MTI Sys t em Modifications. 
Tes t  Tank System 
The l a rge -  s ca l e  flight-weight t e s t  tank was  a Thor  m i s s i l e  oxidizer 
tank made of 2014-T6 aluminum, in te rna l  waffle-pattern mil led to a 
min imum wall  thickness  of 0.00127 m (0.050 in. ). 
2 .43-m (95.5- in . )  inside d i ame te r ,  a 5 .8-m (228-in. ) long cyl indrical  
sect ion,  and 0 .427-m (16.8-in. ) high spher ica l  segment  end domes.  
An insulation s y s t e m  of closed- ce l l  polyurethane foam ( P e r m a f o a m  
type CPR385D) with a density of 32 kg /m3  ( 2  lb / f t3 )  and a the rma l  
The tank had a 
15 
2 conductivity of 2 ,075  Joule /m-  sec-  OK (0 .16 Btu lhr -  OR-ft / in .  ) was 
installed.  Assuming an  ex terna l  foam t empera tu re  of 272°K ( 3 0 ° F ) ,  
0. 0635 m (2-  1 / 2  in. ) of this  foam was calculated to l imi t  the heat flux 
into the Thor tank to about 94.6 wa t t /m2  (30 B tu /h r - f t2 ) .  
The thick foam insulation had become badly c racked  f r o m  the tank 
expansion and the rma l  s t r e s s e s  induced by the MTI pressur iza t ion  
cyc les  during previous testing. The apparent  heat flux to the tank 
had inc reased  during the NAS3-13306 t e s t  p r o g r a m  f r o m  2.11 x l o 3  
watt  ( 2  B t u / s e c )  to 1. 054 x l o 4  watt  (10 B t u / s e c )  due to insulation 
de te r iora t ion .  
by potting the c r a c k s ,  mechanically fastening the foam to the tank with 
s t ee l  banding s t r a p s ,  enclosing the insulation in a polyethylene purge 
bag, and purging the insulation with helium. 
fur ther  insulation de te r iora t ion  and reduced the heat  flux to a value of 
5. 27 x l o 3  watt (5  B t u / s e c ) ,  which cor responds  to  94.6 wa t t /m2  
(30 Btu/hr-f tZ) ,  a s  de te rmined  by tank se l f -p re s su r i za t ion  t e s t s  p re -  
ceding each  hot t e s t .  
The insulation was r epa i r ed  for  the c u r r e n t  p r o g r a m  
This  resu l ted  in no 
Tes t  Faci l i ty  System 
The Thor  t e s t  tank instal led a t  the Alpha Complex-Test Stand 1 a t  the 
Sacramento  Tes t  Center (STC)  i s  shown in F igure  8. 
plex i s  shown schematical ly  in F igure  9, which a l s o  indicates the 
facil i ty capaci t ies  for  purge and p res su r i za t ion  gases .  
faci l i ty ,  descr ibed  in detai l  in Reference 2, i s  quite complex. The 
important  subsys tems making up the facil i ty a r e  descr ibed  below. 
The Alpha Com- 
The t e s t  
The G F 2  supply sys t em was unchanged f r o m  the previous p rogram.  
The basel ine GF2 plumbing was selected to be 0. 0254-m (1- in .  ) diam- 
e t e r  tubing routed f r o m  t h r e e  manifolded G F 2  gas  cyl inders  through a 
prevalve to the injector  complex. GHe and GN2 purge valves w e r e  
also installed.  The GF2 cylinder hand valves  can be remote ly  opened. 
16 
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Figure 8. Test Tank Installed at Alpha Test Stand 
The LH2 was filled and emptied f rom the tank bottom through the main 
LH2 outflow valve,  a 0. 1524-m (6-in.  ) d iame te r  Annin valve with a 
Domotor opera tor .  This valve could be se t  a t  any position f r o m  f u l l -  
open to closed and was used to control the LH2 outflow r a t e  to  p r e s e t  
values .  
complex ( s l e d )  and out the 0. 1524-m (6- in. ) d iame te r  facil i ty vent 
l ine,  where  it was burned. The tank GH2 vent valve was a l s o  located 
in the vicinity of the LH2 valve s led,  with the r e su l t  that the tank vent 
l ine was about 23 m (75  f t )  long. The tank vent l ine can be seen  in the 
s ide view of the Thor tank in F igure  10. 
by the ve r t i ca l  beam which a l s o  provided support  for all plumbing 
l ines  and wiring to the top of the tank; the p r e s s u r e  switches w e r e  
a l s o  mounted a t  the top of the beam ( s e e  MTI sys t em design in the 
next sect ion) .  This l a r g e  vent l ine contributed 0. 566 rn3 ( 2 0  f t3)  to 
the tank ullage volume, the effects of which a r e  compensated for in 
The LH2 flow was dumped through the facil i ty LH2 valve 
The vent l ine was supported 
17 
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Figure 10. Side View of Test Tank 
the ana lys i s  of the experimental  resu l t s .  
batted,  wrapped, and helium-purged to r e s i s t  cryopumping. Helium 
p res su r i za t ion  through a diffuser for  LHZ offloading was avai lable  if 
the si tuation requi red .  
All cryogenic Hz l ines  were  
The ex t remely  complex subsys tem which was used t o  sample  for H F  
in the effluent LHZ in the NAS3-13306 t e s t s  was eliminated for  this  
p rogram.  No H F  sampling was performed.  
The previous  work indicated that H F  would plate out on the internal  
tank su r faces .  
following MTI pressur iza t ion  the tank ullage and wal ls  could be w a r m  
enough to cause  the H F  to liquify (o r  the tank could w a r m  up between 
t e s t  days) .  Liquid anhydrous H F  i s  qui te  co r ros ive  and could a t tack  
the tank ma te r i a l ,  ins t rumentat ion,  wiring, etc.  
Although f rozen  H F  i s  not par t icu lar ly  reac t ive ,  
A GN2 hot purge 
19 
sys t em was used to purge out and completely w a r m  up the tank to 
remove  H F  between t e s t  days.  The tank was  warmed  up to about 
311°K (100°F) .  As H F  boils a t  about 292°K (65"F) ,  the warming 
proved quite successfu l  in eliminating the co r ros ive  effects of HF. 
Instrumentation Svs tern 
The instrumentat ion and data acquisit ion equipment used in the t e s t  
p r o g r a m  was basical ly  that used for  the previous NAS3- 13306 t e s t s ,  
except fo r  some  failed t empera tu re  t r ansduce r s  which were  not 
replaced.  
flux and t empera tu re  s e n s o r s  a t  each of s eve ra l  axial  locations in the 
tank to provide data on rad ia l  nonuniformities in the ullage gas .  
significant nonuniformities w e r e  found ( s e e  Reference 2 ) ,  and fu r the r ,  
s eve ra l  of the f luxmeters  w e r e  damaged by overheating. It was there-  
fo re  decided to provide a t  l ea s t  one f luxmeter /wal l  gas  t empera tu re  
installation a t  each  principal axial  location, but not to r ep lace  t h e r m a l  
instrumentat ion beyond that. 
( to  be used in measur ing  the t empera tu res  of the ullage gas ,  LH2, and 
tank wall ,  a s  well  a s  the local  heat  f lux) i s  shown in F igure  11, which 
is an exploded view f r o m  inside the tank. 
ullage gas  (TU)  and liquid t empera tu re  ( T L )  w e r e  mounted on a ve r t i ca l  
probe situated a t  the half-radius  of the tank. 
s e n s o r s  w e r e  Thermal  Sys tems,  Inc. ,  type 1080-1 (1 ,380  L? a t  273°K 
[32"F]) ,  and w e r e  si tuated a t  0. 305-m (1- f t )  in te rva ls  on the probe. 
Essent ia l ly ,  every  th i rd  sensor  was s e t  to m e a s u r e  LH2 t empera tu re .  
These general ly  coincided with the location of the level s enso r s ,  and 
a t  the basic  tank levels  of 95, 50 and 10 percent  (s ta t ions 384, 492, 
and 588) ,  the LH2 t empera tu re  platinum s e n s o r s  provided the r e f e r -  
ence t empera tu re  for  the thermopile  instal la t ions.  
thermopile  a s sembl i e s  w e r e  si tuated on the ver t ica l  probe above 
s ta t ions 384, 492, and 588 to de te rmine  the init ial  conditions a t  the 
in te r face  ( a s  shown in F igure  12) .  
The previous  t e s t s  utilized seve ra l  tank-wall-mounted heat  
No 
The location of all t he rma l  s e n s o r s  
The ins t ruments  to m e a s u r e  
These platinum res i s t ance  
Seven- e lement  
The thermopile  a s sembl i e s  w e r e  
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Figure 12. Thermopile Assembly 
22 
configured as shown in F igu re  13. Each thermopile  e lement  had six 
chromel-cons tan tan  junctions ( th ree  a t  one level  and th ree  a t  a leve l  
0.0254 m [l in. 1 below) and two null junctions of copper -chromel .  
The lower junctions of each element w e r e  leve l  with the upper  junc- 
t ions of the element  below, with the lower junctions of the lowest 
element level  with the LH2 t empera tu re  senso r  a t  that  station. 
thermopi les  m e a s u r e  the t empera tu re  difference between the junction 
leve ls  0.0254 m (1 in. ) apar t .  Level s enso r s  w e r e  a l so  si tuated on 
the ve r t i ca l  probe.  These  w e r e  Ohmite Li t t le  Devil 1KS2resistors,  
overdr iven  to heat up (and change r e s i s t ance )  rapidly when the su r -  
rounding medium changed f r o m  LH2 to gas.  Two level  s enso r s  w e r e  
si tuated 0. 0254 m (1 in. ) a p a r t  a t  the basic  liquid f i l l  l eve ls  ( 9 5 t ,  95, 
5 0 t ,  50, l o t ,  and 1 0  percent ) .  The initial liquid level  was kept 
between these  s e n s o r s  which w e r e  0. 0254 m (1  in. ) apa r t .  
s e n s o r s ,  plus level  s enso r s  a t  80, 65, 35, and 20-percent liquid leve ls ,  
w e r e  used  for  LH2 outflow r a t e  measu remen t .  
u sed  successful ly  on the previous t e s t  p rog ram.  
The 
These  
This technique was 
The tank wall t empera tu res  (TW) w e r e  measu red  a t  s ix  (out of the 
or iginal  eight) locations,  a s  shown in  F igure  11. 
tance s e n s o r s  used were  T h e r m a l  Systems,  Inc. type 5001-19 (50052 
at 273°K [32"F])  which were  bonded to the outside of the tank wall 
under  the foam insulation. 
The platinum r e s i s -  
The heat flux and local  heat t r ans fe r  coefficients inside the tank w e r e  
m e a s u r e d  using commerc ia l ly  fabr icated the rma l  flux m e t e r s .  
m e t e r ,  made  by International The rma l  Instrument  Company, i s  a 
polyimide g l a s s  plate with plated thermopiles  on each  sur face .  
This 
The thermopi les  would d i rec t ly  m e a s u r e  the AT a c r o s s  the plate  and 
produce a multimill ivolt  signal proportional to heat  flux. 
devices  w e r e  completely compatible with the cryogenic environment  
These  
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Figure 13. Thermopile Element Detail 
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and have been used on many LH2 r e s e a r c h  p rograms .  
ments  a r e  individually cal ibrated to  a n  accu racy  of 1 percent .  They 
w e r e  supplied clad with s ta in less  s tee l  to protect  the g l a s s  f r o m  H F  
at tack.  
The ins t ru-  
These  f luxmeters  gave consis tent  data  in the previous t e s t  p rog ram.  
A typical f luxmeter  installation i s  shown in F igure  14. 
m e t e r s  were  bonded to the aluminum channel with a thin coating of 
Dow- Corning 731 R T V  Si las t ic .  
was measu red  with a T h e r m a l  Systems,  Inc. type 5001-19 platinum 
res i s t ance  senso r  bonded to the front of the f luxmeter  with Minnesota 
Mining and Manufacturing Co. EC3515 epoxy. The gas  t empera tu re  
in the vicinity of the f luxmeter  was measu red  with a Thermal  Systems,  
Lnc. type 1012-1 platinum res i s t ance  senso r .  These a l so  provided a 
compar ison  with the gas  t empera tu re  measu red  a t  the ve r t i ca l  p robe  
a t  the tank half-radius .  The local  heat t r a n s f e r  coefficient was de te r -  
mined by dividing the heat  flux by the t empera tu re  difference between 
the gas  and f luxmeter .  
shown by the H nomenclature  in F igure  1 1. 
The f lux-  
The f luxmeter  sur face  t empera tu re  
The f luxmeters  were  s i tuated in the tank a s  
F igure  15 shows a view looking upward inside the Thor tank p r i o r  to 
testing and indicates  the re la t ive  position of the instrumentat ion in 
the tank. 
vacuum jacketed LH2 feedline leading to the injector  ( s e e  MTI s y s t e m  
modifications in the next section).  The injector  thermocouple  w i r e s  
a r e  vis ible .  The injector  thermocouples  w e r e  chromel-a lumel  with 
the r e fe rence  junction situated a t  the bottom of the tank where  it was 
i m m e r s e d  in LH2 during testing. 
The NAR injector  i s  installed a t  r ight cen ter ;  note the 
The fluxmeter output and all other  t empera tu res  w e r e  r eco rded  on 
e i ther  Leeds  and Northrup Speedomax H (Model 1022) s t r i p  c h a r t s ,  on 
Minneapolis-Honeywell E lec t ronic  17 (Model 1070) s t r i p  cha r t s ,  o r  on 
25 
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Figure 15. Interior View of Test Tank 
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the Applied Elec t ronics  type 340- 700 Pulse  Duration Modulation 
(PDM) sys tem.  
on the s t r i p  c h a r t s  to evaluate t e s t  r e su l t s  without performing the 
complete automated data reduction built into the PDM sys t em.  
t empera tu re  data  on s t r i p  cha r t s  included two f luxmeter  instal la t ions 
(a l so  recorded  on PDM), t h ree  tank wall t empera tu res ,  and essent ia l ly  
eve ry  o ther  ul lage t empera tu re  sensor  on the ver t ica l  probe.  
Sufficient p a r a m e t e r s  were  recorded  continuously 
The 
The complete  t empera tu re -  re la ted  instrumentat ion l i s t ,  showing 
location, function, working range,  and data acquisit ion method, i s  
shown in Table 1. 
Model DA112-38 Time Code Genera tor .  The r e l ay  energ ize  s ignals  
f r o m  the MTI control  s y s t e m  were  recorded  on a Sanborn Model 125 
Event Recorde r .  
Timing pulses  w e r e  supplied by a n  Astrodata  
All s y s t e m  p r e s s u r e s  w e r e  measured  with s t ra in-gage-type p r e s s u r e  
t r ansduce r s .  
fully redundant Owens Labs  type PS-254-3A10-TA (0-345 x l o 3  N / m 2  
[0-50 ps ia ] )  p r e s s u r e  t r ansduce r s .  
by the regulated G F 2  p r e s s u r e  to the cri t ical-flow injector ( s e e  
F igu re  6).  
with a Statham PA347-TC-100-350 (0-6 .  9 x l o 5  N / m 2  [0-100 psia])  
t r ansduce r .  
ca l ibra ted  or i f ice  (0.  00635-m [ 0.25- in. 1 d i a m e t e r )  in the G F 2  flow 
l ine jus t  u p s t r e a m  of the injector  valve. 
of the or i f ice  (essent ia l ly  G F Z  cylinder p r e s s u r e )  was measu red  with 
a S ta tham type PA822-500 (0-3450 x 10 
ducer  and the p r e s s u r e  drop  a c r o s s  the or i f ice  with a Statham type 
PM28O-TC-*5-350 (*34. 5 x 10 N / m  [ f 5  p s i a ] )  t r ansduce r .  The 
G F  t empera tu re  ups t r eam of the or i f ice  was measu red  with a T h e r m a l  
Sys tems,  Inc. type 1080-1 platinum sensor .  The s ta t ic  p r e s s u r e  in  the 
injector  second s tage  was measu red  with a Statham PA285-TC-50-350 
The t e s t  tank ullage p r e s s u r e  was measu red  with two 
The G F 2  flow r a t e  was de te rmined  
The GF2  p r e s s u r e  u p s t r e a m  of the injector  was measu red  
A backup GF2 flow r a t e  measu remen t  was made with a 
The G F 2  p r e s s u r e  u p s t r e a m  
3 2 
N / m  [0-500 p s i a ] )  t r a n s -  
3 2 
2 
27 
Table 1 
INSTRUMENTATION DATA ( P a g e  1 of 4) 
Stat ion Funct ion Range 
No. P/ N Lo c a t  ion ( T  = T e m p )  " K ( " R )  Data  
H2 3 72 Heat  T r a n s  Coef 
TG2 TS1 1012-1 Ullage Gas  T 20-556 (36 -1 ,000)  S / C  & 
TQ2 TS1 5001-19 F lux  Meter  T 20-556 (36 -1 ,000)  PDM 
QZ I T 1  "A" F l u x  
396 (Heat  T r a n s  Coef)  
Ullage G a s  T 20-556 (36 -1 ,000)  PDM 
(H3 1 
TG3 TS1 1012-1 
H5 5 22 Heat  T r a n s  Coef 
TG5 TSl  1012-1 Ullage Gas  T 20-556 (36-1,  000)  PDM 
TQ5 TS1 5001-19 F l u x  Mete r  T 20-556 (36-1 ,  0 0 0 )  
Q5 1 T l  "A" Flux 
H10 438 Heat  T r a n s  Coef 
TGlO TS1 1012-1 Ullage Gas  20-556 (36 -1 ,000)  S / C  & 
TQlO TS1 5001-19 Flux  Mete r  T 20-556 ( 3 6 - 1 , 0 0 0 )  PDM 
Q10 1T1 "A" Flux  
(H11) 522 (Heat  T r a n s  Coef)  
T G l l  TS1 1012-1 Ullage Gas T 20- 556 (36- 1 , 000)  PDM 
Q11 I T 1  "A" F l u x  
TS1 5001-19 Top Dome Tank Wall  T 20-389 (36-700)  S/ C TW1 
TW2 TS1 5001-19 372 Tank Wall  T 20-389 (36-700)  PDM 
TS1 5001-19 522 Tank Wall  T 20-389 (36-700)  s /c  TW5 
Tank W a l l  T 20-389 (36-700)  PDM TW6 TS1 5001-19 584 
TW7 TS1 5001-19 372 Tank Wall  T 20-389 (36-700)  PDM 
TW8 TS1 5001-19 438 Tank Wall  T 20-389 (36-700)  PDM 
TU1 TS1 1080-1  3 7 2 - 1 / 2  R Ullage G a s  T 20-556 (36 -1 ,000)  S / C  
TU2 TS1 1080- I 396- 1 / 2  R Ullage G a s  T 20- 556 (36- 1 , 000)  S / C  
TU3 TS1 1080- 1 4 0 8 - 1 / 2  R Ullage G a s  T 20-556 (36- 1 , 0 0 0 )  PDM 
TU4 TSl  1080-1 432-1 /2  R Ullage G a s  T 20-556 (36 -1 ,000)  S / C  
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Table 1 
INSTRUMENTATION DATA (Page 2 of 4) 
Station Funct ion Range 
No. P I N  Locat ion  ( T  = T e m p )  " K ( " R )  Data  
TU6 
TU7 
TU8 
TU9 
TU1 0 
TU1 1 
TU1 2 
TL1 
T L 4  
T L 5  
T L 6  
T L 7  
T L 8  
TL9 
TP11  
T P 1 2  
T P 1 3  
T P 1 4  
T P 1 5  
TS1 1080-1 
TS1 1080-1 
TS1 1080-1 
TSl 1080-1 
TS1 1080-1 
TS1 1080-1 
TS1 1012-1 
TSl 1012-1 
TS1 1012-1 
TS1 1080-1 
TS1 1080-1 
TS1 1012-1 
TS1 1012-1 
788221 0- 505 
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
444-112 R 
468-112 R 
480-112 R 
504-112 R 
516-112 R 
522- C L  
540-112 R 
384- 1 1 2  R 
492-112 R 
528- 1 1 2  R 
564-112 R 
588-112 R 
600-112 R 
Inj e c to r 
LHZ Line  
384-112 R 
Ullage G a s  T 
Ullage G a s  T 
Ullage G a s  T 
Ullage G a s  T 
Ullage G a s  T 
Ullage G a s  T 
Ullage G a s  T 
Liquid T 
Liquid T 
Liquid T 
Liquid T 
Liquid T 
Liquid T 
LHZ Supply T 
In te r face  T 
383-112 R In te r face  T 
382-112 R In te r face  T 
381-112 R In te r face  T 
380-112 R I n t e r f a c e  T 
20- 556 (36- 1 , 0 0 0 )  
20- 556 (36- 1 000)  
20- 556 (36- 1 , 0 0 0 )  
20- 556 (36- 1 0 0 0 )  
20- 556 (36- 1 ,  0 0 0 )  
20- 556 (36- 1 0 0 0 )  
20- 556 (36- 1 0 0 0 )  
20-33 (36-60)  
(36-60)  
(36-60)  
(36-6 0) 
(3  6- 6 0 )  
20-33 (36-60)  
20- 89 (36- 1 6 0 )  
PDM 
S I  c 
PDM 
S I  c 
PDM 
S I  c 
S I  c 
PDM 
PDM 
PDM 
PDM 
PDM 
S I  c 
S I  c 
PDM 
PDM 
PDM 
PDM 
PDM 
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Table 1 
INSTRUMENTATION DATA (Page  3 of 4) 
Stat ion Funct ion Range 
No. P/ N Lo cat ion ( T  = T e m p )  " K ( " R )  Data  
T P ~  6 
T P 1 7  
TP21  
T P 2 2  
T P23 
T P24  
T P 2 5  
T P26 
T P 2 7  
T P 3  1 
T P 3 2  
T P 3 3  
T P 3 4  
T P 3 5  
TP36  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
MDAC 
T h e r m o p i l e  
379-112 R 
378-112 R 
492-112 R 
491-112 R 
490-112 R 
489- 1 1 2  R 
488-112 R 
487- 1 1 2  R 
486-112 R 
588- 1 1 2  R 
587-112 R 
586-1 I 2  R 
585-112 R 
584-112 R 
583-112 R 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
In te r face  T 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
PDM 
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Table 1 
INSTRUMENTATION DATA ( P a g e  4 of 4) 
~~ ~ 
Station Funct ion Range 
No. P/ N L o c a t  ion ( T  = T e m p )  " K ( " R )  Data  
T P 3 7  
LL 1 
L L 2  
L L 3  
L L 4  
L L 5  
LL6 
L L 7  
L L 8  
LL9 
L L 1 0  
T F 1  
TI1 
TI2 
T I3 
MDAC 
The r mopi l  e 
Ohmi te  R e s  
Ohmi te  R e s  
Ohmi te  R e s  
Ohmi te  R e s  
Ohmi te  R e s  
Ohmi te  R e s  
Ohmi te  R e s  
Ohmi te  R e s  
Ohmi te  R e s  
Ohmi te  R e s  
TS1 1080-1 
CR-AL T I C  
CR-AL T /  C 
CR-AL T / C  
582-112 R 
383-112 R 
384-112 R 
420-112 R 
456-112 R 
491-112 R 
492-112 R 
528-112 R 
564-112 R 
587-112 R 
588-112 R 
F2 Line  
Inj e c to r 
1 s t  Stage 
Inj e c t o r 
2nd Stage 
Injector  
2nd Stage 
In te r face  T 
Liquid L e v e l  
Liquid Level  
Liquid Level 
Liquid Level  
Liquid L e v e l  
Liquid L e v e l  
Liquid L e v e l  
Liquid L e v e l  
Liquid L e v e l  
Liquid L e v e l  
G F 2  T 
Injector  T 
PDM 
S I  c 
S I  c 
S I  c 
S I  c 
S I  c 
S I  c 
s/ c 
S I  c 
S I  c 
S I  c 
222-305 (400-550)  S I C  
20- 1 645 S I  c 
( 3 6 - 2 , 9 6 0 )  
20- 1 , 6 4 5  S I  c 
(36- 2 , 9 6 0 )  
20- 1 645 S I  c 
(36- 2 , 9 6 0 )  
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(0-345 x l o 3  N / m 2  10-50 ps ia ] )  t r ansduce r .  
recorded  on Leeds  and Northrup Speedomax H (Model 1022) s t r i p  
c h a r t s  f o r  continuous data  evaluation during testing. 
All p r e s s u r e s  w e r e  
MTI SYSTEM MODIFICATIONS 
The genera l  MTI s y s t e m  design requi rements  for this p r o g r a m  w e r e  
the s a m e  a s  for  the previous t e s t  p r o g r a m  under Contract NAS3- 13306: 
A. Self- regulating. 
B. Capable of controlled pressur iza t ion ,  p r e s s u r e  hold,  and 
expulsion a t  var ied  LHz outflow r a t e s  up to a maximum of 
6 . 8  k g / s e c  (15 l b j s e c ) .  
Operable  a t  any ullage volume. 
Capable of a wide range  of flow r a t e s  and operating p r e s s u r e s .  
Able to p r e s s u r i z e  the tank to within 6 ,895  N / m 2  (1 ps i a )  of 
the des i r ed  p r e s s u r e .  
Capable of safe  operation without damaging the injector  o r  
tank, o r  f reezing of f luorine in the in jec tor ,  and causing 
minimum heat leakage into the tank when not in operation. 
C. 
D. 
E. 
F. 
The bas ic  MTI control  and injection sys t em used for the previous 
p r o g r a m  was used  for  this  one; however,  due to the unique na tu re  of 
the NAR injector ,  s o m e  s y s t e m  modifications w e r e  necessa ry .  The 
new MTI control  and injection sys t em is  shown schematical ly  in 
F igure  16 and the r easons  for the component select ion a r e  d iscussed  
below. 
F o r  steady LH2 outflow a t  constant tank p r e s s u r e ,  the maximum MTI 
p res su r i za t ion  energy requi rements  occur  a t  the end of the t e s t  when 
the tank is  nea r ly  empty because the heat  t r a n s f e r  l o s s e s  to the wall  
a r e  highest .  
r equ i r emen t s ,  excess ive  G F 2  inflow will occur  a t  the beginning of 
LH2 outflow. To control  the G F z  inflow, the flow r a t e  must  e i ther  
If the G F 2  injection r a t e  i s  s ized to the maximum energy 
32 
PRESSURE SWITCHES ------- 
, VACUUMJACKETE D 
LH2 SUPPLY LINE 
TO LOADING AND UNLOADING 
FLOW CONTROL VALVES 
Figure 16. Test Tank Injector Installation 
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be continuously var ied ,  o r  the G F Z  flow held constant and cycled on 
and off to provide the proper  energy input. 
a "bang bang" sys t em,  was used on the previous p rogram and i s  suit-  
The l a t t e r  solution, called 
ab le  f o r  this p r o g r a m a s  well, s ince the NAR injector  i s  a constant-flow 
device. The control  s y s t e m  is implemented by using p r e s s u r e  switches 
t o  s e n s e  t a n k p r e s s u r e  and openand c lose  the injector  va lve to  keep the 
tank p r e s s u r e  within a nar row band. The p r e s s u r e  switches used w e r e  
completely redundant 
switches,  Mercoid type APH-41-153. The switches have a range  of 
10.3 to 31 x 10 N / m 2  (15 to 45 ps i a )  and could be individually s e t  to 
any p r e s s u r e  within this  range  with a maximum actuation band ( r e l a y  
energ ize-  to-denergize)  of * Z .  58 x l o 3  N / m 2  ( *O.  375 psia) .  
switch had a m a x i m u m  t ime delay of 1 5  mill iseconds and w a s  
safe  f o r  operat ion in an  H 
sealed.  
e v e r ,  because  the m e r c u r y  element  mus t  be leve l  and i s  thus g-vector  
sensi t ive.  Bellows- type switches suitable for flight u s e  with the s a m e  
fa s t  r e sponse  and n a r r o w  actuation band a r e  avai lable ,  but mus t  be 
cus tom-made  (espec ia l ly  for Hz s e r v i c e )  and a r e  ve ry  expensive. 
Thei r  use was deemed to be not cost-effect ive for this  program.  
chosen switch was avai lable  off- the- shelf ,  inexpensive, and sui table  
fo r  ground s e r v i c e  within an  Hz a tmosphere  without s ac r i f i ce  of 
accu racy ,  r e sponse ,  o r  safety.  
individually plumbed mercu ry - type  p r e s  s u r e  
4 
This  
a tmosphere  because  the contacts  were  2 
The switch would not be sui table  for  flight vehicle use,  how- 
The 
When the p r e s e t  actuation p r e s s u r e  (tank p r e s s u r e )  i s  reached ,  the 
p r e s s u r e  switch r e l ay  t e rmina te s  G F Z  inflow by closing the in jec tor  
valve.  When LHz outflow o r  heat t r ans fe r  causes  the tank p r e s s u r e  
to d rop  to the lower l imi t  of the actuation band, the p r e s s u r e  switch 
r e l ay  reopens the injector  valve. 
34 
The G F 2  supply s y s t e m  used for the previous MTI t e s t s  uti l ized a 
s imple GF2  s torage  cylinder blowdown mode, with GF2  flow princi-  
pally controlled a c r o s s  the injector  valve. However, for  the NAR 
injector  t e s t s ,  two c r i t i ca l  flow-control devices  ex is t  downst ream of 
the in jec tor  valve: 
which opera te  a t  a nea r -c r i t i ca l  p r e s s u r e  ra t io .  
Fox  injector  valve,  P a r t  No. 610851, a s  configured and used  on the 
NAS3- 13306 t e s t s ,  would not have been capable of flowing sufficient 
G F 2  without a prohibitively l a r g e  p r e s s u r e  drop. Therefore ,  the Fox 
valve flow or i f ice  was  increased  to the maximum diameter  possible 
(approximately 6 .35  x 
actuator  assembly .  
valve. 
valve successful ly  used  on the two previous MTI p r o g r a m s  under 
Contracts  NAS3- 13306 and NAS3-7963. 
The injector  proper  and the regula tor ,  both of 
Because of this,  the 
m [O. 25 i n . ] )  without redesign of the 
This minimized  p r e s s u r e  d rop  a c r o s s  the injector  
This modification allowed use  of the s a m e  re l iab le  injector  
The Fox injector  valve i s  liquid- and gaseous-fluorine compatible and 
has  a copper-on- stainless-steel  seat .  
3 ,447  x l o 3  N / m  
one to actuate  open and the other  to  actuate  closed. 
hel ium actuation enabled ex t remely  fas t  valve response  (closed to 
full-open o r  vice versa  in less  than 10  mill iseconds.  
( r a t h e r  than spring-loading) to actuate  closed was requi red  to provide 
the high sea t  loadings necessa ry  to affect a leak-tight metal- to-metal  
seal .  
posit ion,  which could be open. The valve,  therefore ,  incorporated a 
p r e s s u r i z e d  ove r r ide  which was uti l ized by attaching a normal ly  open 
valve (energized closed by the main power)  to the over r ide .  In the 
event of power fa i lure ,  the normal ly  open valve would open, thus 
p re s su r i z ing  the injector valve closed. 
The valve was actuated by 
2 (500 ps i a )  hel ium through two integral  solenoids,  
The h igh-pressure  
Use of hel ium 
' 
In the event of power fa i lure ,  the valve would r e m a i n  in  i t s  l a s t  
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The requi rement  f o r  p r e s s u r e  regulation of the GF2  supplied to the 
NAR injector  was n e c e s s a r y  to provide sufficient p r e s s u r e  different ia l  
in the injector  second s tage annulus to proper ly  pump LHZ. 
nal ly ,  the NAR injector  GF2  inlet p r e s s u r e  should be about 2.25 t imes  
the LH2 inlet ( tank)  p r e s s u r e .  However, this  G F 2  p r e s s u r e  cannot be 
a fixed value ( re la t ive  to the p r e s e t  tank p r e s s u r e ) ,  a s  shown by the 
following example: F o r  a tank p r e s s u r e  of 30 x l o 4  N / m 2  (43 ps i a ) ,  
the G F 2  inlet  p r e s s u r e  would be 67 x l o 4  N / m 2  (97  ps i a ) ,  and the 
second s tage e jec tor  s ta t ic  p r e s s u r e  would be 0. 16 t imes  that or  
1 0 . 7  x l o 4  N / m  
Thor t e s t  tank, the LH2 inlet  p r e s s u r e  could s t a r t  a s  low a s  10 .3  
4 2 x 10 N / m  
sur iza t ion  minus the hydrogen head) .  Thus , during prepressur iza t ion ,  
the injector  would pump no LH2 until the LH2 inlet p r e s s u r e  inc reased  
above 10 .7  x 10 N / m 2  (15. 5 p s i a )  due to the tank p r e s s u r e  r i s e ;  even 
then, the injector  would ope ra t e  a t  high O / F  r a t io s  and t empera tu res  
until the tank p r e s s u r e  approached the design tank p r e s s u r e .  
90-percent  ul lage,  the prepressur iza t ion  t ime could be a s  long a s  
60 seconds (Reference  2 )  and the in jec tor ,  operating a t  high O / F  
r a t io s ,  could be hot for  s e v e r a l  seconds during the p rep res su r i za t ion  
cycle.  This  si tuation would a l s o  be t rue  for  the injector  demonst ra -  
tion t e s t  where  the LH2 inlet p r e s s u r e  s t ays  a t  about 10.1 x l o 4  N / m 2  
(14. 7 p s i a ) ,  and t h e r e  would be no LH2 flow. 
that the G F 2  regulator  must  be designed to provide a constant ra t io  of 
2. 25 t imes  LH2 inlet  ( tank)  p r e s s u r e s  f r o m  1 0 . 1  to 30 x l o 4  N / m  
(14. 7 to 43 ps i a ) .  
0. 0317 k g / s e c  (0.07 l b / s e c )  of 294°K (530"R) GF2  a t  62 x 104 N / m 2  
(90  ps i a )  downst ream and approximately 138 x l o 4  N / m 2  (200 ps i a )  
u p s t r e a m  ( G F 2  p r e s s u r e  downstream of the injector  valve).  An off- 
the-shelf  regulator  to meet  these requi rements  d i d  not exist;  t he re -  
fore ,  a special  regulator  was designed jointly by MDAC and Wintec 
Corp. 
Nomi- 
2 (15.5 ps ia ) .  Assuming a 90-percent ullage in the 
(15. 0 p s i a )  ( init ial  tank p r e s s u r e  a t  the s t a r t  of p r e p r e s -  
4 
F o r  a 
It i s  c l e a r ,  therefore ,  
2 
F u r t h e r ,  the regulator  must  be capable of flowing 
A cutaway of this  regulator  (MDAC P / N  1T42072; Wintec 
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P / N  1346-5700) i s  shown in Figure 17. 
unique f ea tu res .  A different ia l -area piston in the rat io  of 2. 25:l i s  
used  to regula te  the G F 2  p r e s s u r e  to a value of 2.25 t imes the tank 
p r e s s u r e .  The dome of the regulator  is p re s su r i zed  with hydrogen 
f r o m  the tank ullage ( see  F igure  16).  
in the dome  f r o m  the GF2  in the regula tor ,  a double-sealed GN2- 
"purged" (actually dead- headed) por t  is provided. 
to the po r t  a t  138 x 104 N / m 2  (200 ps i a )  so that the p r e s s u r e  in the 
sealed cavi ty  was always higher than both the dome GH2 p r e s s u r e  and 
the regulated GF2  p r e s s u r e  (even during the s ta r t ing  surge) .  In addi- 
tion, a n  ove rboa rd  vent was  provided under  the piston s tep  to re l ieve  
any leakage  that could occur .  Because the regulator  had to  del iver  an  
absolute  p r e s s u r e  r a t io  of 2:25:1, the a tmosphe r i c  p r e s s u r e  force  
under  the  piston was counteracted with a t r i m  spring. 
a l s o  compensa ted  for the smal l  res idua l  force  f r o m  the balanced 
poppet (which was used  to minimize the effects of varying u p s t r e a m  
p r e s s u r e ) .  
type. 
contr ibute  to hys t e re s i s  in the regulation, spec ia l  close- to le rance  
sea l s  w e r e  procured ,  and the piston was  spl i t  to allow sea l  installation 
without s t re tch ing  the sea ls .  
butes to m o r e  regulation e r r o r  a t  low dome p r e s s u r e s  (and low f o r c e s )  
than a t  high p r e s s u r e s .  The t r i m  spring was  used  to  se t  the regulator  
to  give the bes t  regulated p r e s s u r e  r a t io  a t  each  basic  s teady-state  
dome p r e s s u r e .  The regulator  had a 316 s t a in l e s s  s tee l  poppet and 
a b r a s s  sea t .  The internal  leakage was  l e s s  than 3.17 x l o e 7  m 3 / s e c  
(19 s c c m )  but the regulator  was s i tuated downst ream f r o m  the injector  
valve ( s e e  F igu re  16)  so that with the valve off, the regulator will be 
wide open, thus allowing g r e a t e r  t o l e rances  on internal  leakage a c r o s s  
the meta l - to-meta l  regulator  seat ,  The  pe r fo rmance  of the regulator ,  
repor ted  on in  the Exper imenta l  Resul t s  section, was excellent. 
The regulator  has many 
To positively separa te  the GH2 
GN2 was supplied 
This spr ing 
The moving s e a l s  in the  regulator  w e r e  of the omni-sea l  
In o r d e r  to minimize  the fr ic t ional  f o r c e  of the sea l s ,  which 
The fr ic t ional  fo rce  of the s e a l s  contr i -  
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Figure 17. Pressure Regulator Drawing 

During the NAS3- 13328 injector acceptance tests ( s e e  Reference  3), NAR 
apparent ly  had considerable  difficulty in providing LH2 to the injector ,  
as indicated by F igu re  7. Points  001, 003, and 004 l ie  c lose  to the 
theoret ical  l ine,  but point 002 i s  a t  a much higher O / F  ra t io  (and 
much ho t t e r )  because of vaporization of LH2 in the  feed l ine  to the 
injector  and subsequent res t r ic t ion  of hydrogen flow. 
the s a m e  problem might occur  in the tank t e s t s  with l a r g e  ullages.  
F o r  s o m e  t e s t s ,  the LH2 feed l ine f r o m  the tank bottom sump to the  
injector  (F igu re  16)  will p a s s  through a relat ively w a r m  ullage,  
possibly a s  w a r m  a s  333°K (600"R) for  a 90-percent  ullage p r e p r e s -  
sur izat ion.  
calculated to vaporize sufficient LH2 to reduce the hydrogen flow r a t e  
by a factor  of four.  
f r o m  the ullage to ensu re  that LH2 reaches  the injector .  
tion must  be compatible with LH2, hydrogen fluoride (HF) ,  and high 
t e m p e r a t u r e s .  The l eas t  complex insulation technique was  to u se  a 
vacuum-jacketed l ine.  Thus a 1. 27 x ( l /Z - in .  ) d iame te r  
vacuum-jacketed l ine (vendor-pumped and permanent ly  sea led)  was  
installed in the t e s t  tank (F igu re  16).  
(15 l b )  but r e s t r i c t ed  the LH2 flow degradation to a few percent .  
It was  feared  
The heat  f l u x  f r o m  the ullage to the LH2 feed l ine was  
The injector feed l ine mus t  therefore  be insulated 
The insula- 
The l ine weighed about 6 .8  kg 
The MTI control sys t em used to actuate  all valves ,  e t c . ,  was essen- 
t ially the s a m e  a s  used  during the NAS3-13306 t e s t s ,  and is  descr ibed  
in detai l  in Reference  2. 
s y s t e m  was  the elimination of the inf ra red  ( I R )  ignition detector .  
was  done for  two reasons :  
s y s t e m  safety.  
NAS3-7963, and 17 previous ullage injection t e s t s  under Contract 
NAS3- 13306, t h e r e  was  never  a c a s e  of nonignition. F u r t h e r ,  with 
the NAR injector and i t s  "preburner"  f i r s t  s tage,  t he re  i s  even less  
chance of nonignition (NAR obtained re l iab le  ignition in a l l  12 f i r ing 
The only ma jo r  modification to the control  
This  
( 1 )  It was deemed no longer  n e c e s s a r y  for  
In 11 previous ullage injection t e s t s  under Contract 
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t e s t s  under NAS3-13328), ( 2 )  The installation of the NAR injector  in  
the avai lable  Thor tank por t s  precluded being able  to look d i rec t ly  
a t  the injector  with the IR detector .  
t e s t s  under Contract NAS3-13306, the IR detector  was unable to look 
d i rec t ly  a t  the injector with the r e su l t  that  t he re  were  t h r e e  t e s t  shut- 
downs due to spurious IR de tec tor  nonignition s ignals  (in fac t ,  two 
t e s t s  w e r e  run without the IR detector  in the c i rcu i t ) .  
problem in this  p rogram,  the IR detector  was  eliminated, and ignition 
was rel iably sensed by the rapid tank p r e s s u r e  r i s e  during fir ing.  
In previous "offset injector" 
To avoid this  
The complete assembled  G F 2  injection loop, shown schematical ly  in 
F igure  16, i s  a compact installation on top of the Thor tes t  tank, a s  
shown in F igure  18. 
injector  allowed movement of the injector  due to the rma l  expansion 
The flex l ine between the regulator  and 
CR25 
Figure 18. Injection Assembly Installation on Test Tank 
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when operating and allowed installation flexibility. 
bly was  passivated with G F Z  p r io r  to testing and was a l s o  used  in 
essent ia l ly  the s a m e  configuration for the injector  demonstrat ion 
t e s t s  d i scussed  below. 
The en t i re  a s s e m -  
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EXPERIMENTAL RESULTS 
INJECTOR DEMONSTRATION TEST 
P r i o r  to installation of the NAR injector in the Thor t e s t  tank, the 
injector was  hot-f i red in a cold GH2 a tmosphere  with G F 2  flow on-off 
cycle r a t e s  simulating the injector cycling anticipated in  the Thor 
tank t e s t s .  
The purpose  of this tes t  was  twofold: 
1. To ver i fy  the s t ruc tu ra l  adequacy of the injector ,  and r evea l  
any injector  burning problems which could occur .  
To verify the proper  operation of the MTI control  s y s t e m  and 
G F 2  supply sys tem.  
2. 
The appara tus  used  for this  tes t  was essent ia l ly  the same  used  for  the 
previous injector  demonstrat ion t e s t s  under Contract NAS3- 13306. 
The appara tus ,  shown in F igure  19, cons is t s  of a horizontally mounted 
s t a in l e s s  s t ee l  pipe 0.3 m (12  i n . )  in d iameter  by 3 m (10  f t )  long. 
Some modifications to the t e s t  apparatus  w e r e  made  to adapt it to  the 
NAR in jec tor ,  which was configured with the f i r s t  s tage outside the 
pipe a t  ambient  t empera tu re ,  and the second s tage inside the pipe. 
The injector  was mounted axially along the pipe center l ine through a 
blind flange a t  one end of the pipe. The liquid hydrogen flow was 
introduced along the bottom of the pipe, where  it par t ia l ly  boiled, 
providing a cold GH2 a tmosphere  in the pipe. 
modified by the addition of a s e r i e s  of baffles and a foam-insulated 
LH2 sump,  as shown in F igure  19. 
2 and provided a sump f r o m  which sa tura ted  LH2 a t  10 .1  x 1 O4 N / m  
(14. 7 p s i a )  could be drawn to the injector .  (3- in . )  
The pipe appara tus  was  
These  dece lera ted  the LH2 flow 
A 7.6 x 
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d iame te r  pyrex  window was instal led n e a r  the injector  tip, through 
which high-speed motion p ic tures  w e r e  taken a t  the r a t e  of 250 f r a m e s  
pe r  second with a Mitchell Monitor Model 500 camera .  This  exposure 
r a t e  allowed 180 seconds of film t ime using a 366-m (1 ,200- f t )  maga- 
zine,  and it had been hoped that d i r ec t  compar ison  could be  made with 
the motion p ic tures  taken ( a l s o  a t  a 250 f r a m e s - p e r -  second r a t e )  of 
the previous MTI in jec tors .  This was not possible ,  however,  because  
the view was general ly  obscured  by clouds of H2 vapor and LH2 splash- 
ing on the c a m e r a  window. 
The t e s t  pipe was instal led a t  the Alpha Complex-Site 3 ,  STC ( a s  
shown in F igu re  20). 
the s i t e ,  and LH2 was avai lable  f r o m  the facil i ty supply. 
instal la t ion of the injector  in the t e s t  pipe, the G F 2  flow tube in the 
injector  was  accidental ly  torqued. 
occu r red ,  the injector  was flow-proofed with GHe a t  l o 6  N / m 2  (145 
p s i a ) ,  and external ly  leak-checked with GHe a t  7. 1 x 105 N / m  (103 
p s i a ) .  No ex terna l  leakage was detected,  and subsequent measu re -  
men t s  indicated tha t  although the injector  was twisted slightly, i t  had 
not been s t re tched  o r  otherwise damaged by the  incident. 
G F 2  f r o m  the MTI control  pallet  was plumbed to 
During 
To ver i fy  that no damage had 
2 
The f i r ing t e s t  was conducted according to MDAC Countdown Manual- 
Site 3 (MDAC Drawing lT17019)  requi rements .  
the injector  continuously for 60  seconds,  then cycle the injector  for 
60 seconds a t  0 .1  second ON, 0 . 9  second O F F ,  and finally cycle the 
injector  for  6 0  seconds a t  0 . 9  second ON, 0 .1  second O F F .  During 
the f i r s t  60 seconds of continuous fir ing,  the injector  behaved normal ly ,  
with the f i r s t  s tage t empera tu re  stabil izing a t  320°K (570"R) and the 
second s tage t empera tu re  stabil izing a t  935°K (1, 680"R). 
that  the regulated G F 2  p r e s s u r e  to the injector  overshot  to 3.45 x 105 
N / m  
The plan was to f i r e  
It was noted 
2 (50 p s i a )  0. 5 second af te r  the injector  valve opened, then slowly 
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dropped to 2.85 x 1 O 5  N / m 2  (41.3 ps i a )  a t  a t ime of 64 seconds ( the 
c o r r e c t  regulated p r e s s u r e  should have been 2.35 x l o 5  N / m 2  
[34 ps ia ] ) .  
During the sho r t  ON cycle (0 .1  second ON, 0 . 9  second O F F ) ,  the 
f i r s t  s tage t e m p e r a t u r e  inc reased  to 350°K (625"R) and the second 
s tage t empera tu re  dropped to 775°K (1 ,394"R) .  
p r e s s u r e  cycled between 2.73 x l o 5  N / m  
2 N / m  (15 ps i a ) .  
a t ime  (0 .1  second)  to allow the p r e s s u r e  to r e a c h  the 3.45 x 10 
N / m 2  (50 p s i a )  over  shoot; consequently,  the injector  t empera tu re  
dec reased  to 775°K (1 ,394"R)  because  of the relat ively long O F F  
t ime  and the cooling effect of the H2 in the t e s t  appara tus .  
during the long ON cycle ( 0 . 9  second ON, 0 .1  second O F F ) ,  the 
regula tor  again overshot  to 3 .52  x 105 N / m 2  (51 p s i a )  and osci l la ted 
between 3.52 x l o 5  N / m 2  (51 p s i a )  and 2.07 x 10 
The f i r s t  s tage t e m p e r a t u r e  inc reased  slowly to 514°K (924"R),  but 
the second s tage t empera tu re  immediately went off sca le ,  indicating 
t e m p e r a t u r e s  in excess  of 1 ,650"K ( 2 , 9 6 0 " ~ ) .  
rapidly that i t  was  thought the thermocouple  had failed,  and the t e s t  
was  allowed to continue, although i t  should have been te rmina ted  a t  
t h i s  t ime.  
the nozzle  diffuser ,  downst ream of the second s tage throat ,  had been 
damaged by overheating. 
tes t .  
LH2 feed l ine s tayed a t  21 OK. (37"R) throughout the t e s t ,  although this  
m a y  have been due to the cold GH2 a tmosphere  in the t e s t  pipe. 
5 Apparently the abnormally high regulated G F 2  p r e s s u r e  of 3.52 x 10 
N / m 2  (51 ps i a )  had reduced the LH2 pumping (asp i ra t ion)  p r e s s u r e  
difference,  leading to reduced LH2 flow, higher injector  O / F  ra t io ,  
and excess ive  t empera tu res .  
during the init ial  overshoot  to 3 .45  x l o 5  N / m  
The regulated G F 2  
2 (30 .6  p s i a )  and 1.03 x l o 5  
It appeared  that the injector  valve was open too shor t  
5 
However, 
5 N / m 2  (30 ps ia ) .  
This occur red  s o  
Following the t e s t ,  inspection of the in jec tor  revea led  that 
F igure  21 shows the injector  following the 
The LH2 sump and feed l ine a r e  shown. The t empera tu re  in the 
Injector f a i lu re  probably did not occur  
2 (50 p s i a )  during the 
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60-second continuous run  because the injector  was cold, and i ts  
t he rma l  capacity allowed the injector  to surv ive  until  the regulated 
G F 2  p r e s s u r e  dropped to a lower value. 
The injector  damage i s  shown in F igu re  22. The view i s  i n  the d i r e c -  
tion of flow and shows the LH2 pumping annulus ( the LH2 inlet  por t  is  
t op  cen te r ) .  
damage was fortunately confined to the nozzle diffuser .  
expansion region of the second s tage throa t ,  although covered with 
molten meta l ,  was  essent ia l ly  undamaged and was  re furb ished  without 
rep lacement .  The damaged diffuser was cut off the injector  and a new 
nozzle diffuser  was fabr ica ted  and welded to  the in jec tor ,  together with 
an additional thermocouple  on the second s tage.  
Detailed examination of the injector  revealed that the 
The del icate  
It should be noted that the injector  pumping abil i ty is  v e r y  sensi t ive to 
second-  s tage  t empera tu re .  
LH2 pumping region tend to vaporize some  of the LH2 in contact with 
the pumping annulus,  which reduces the LH2 pumping effect iveness ,  
leading to l e s s  LH2 flow, higher O / F  ra t ios  and t empera tu res ,  and so  
fo r th .  
pa r i son  of In jec tors .  
This i s  because higher t empera tu res  in the 
This  is d iscussed  in de ta i l  in the sect ion,  Analysis  and Com- 
PRESSURIZATION TESTS 
The regula tor  overshoot  and subsequent injector  fa i lure  during the f i r ing 
t e s t  indicated the need for  a number of operat ional  changes; these  w e r e  
implemented in the tank p res su r i za t ion  t e s t s .  
quence checks of the p r e s s u r e  switches,  the regulator  was adjusted 
under flow to give the c o r r e c t  regulated p r e s s u r e  during overshoot  
under  dynamic (cycling) conditions. In addition, the regulated p r e s s u r e  
was  viewed a s  a redline (shutdown) p a r a m e t e r  in which, i f  the regulated 
p r e s s u r e  w e r e  to exceed 120 percent  of the c o r r e c t  value (based on 
tank p r e s s u r e ) ,  the G F 2  flow would be te rmina ted ,  The f i r ing 
During the injector  s e -  
47 
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t e s t  d a t a  indicated tha t  the second s tage  t empera tu re  stabil ized a t  a 
value about 279°K (500"R) l e s s  than the theore t ica l  combustion 
t empera tu re  a t  the p re sumed  O / F  r a t io s  which occur red ;  therefore ,  
for  the nominal O / F  ra t io  of 1 .8 : l  (maximum a t  a G F  
6 .9  x 10 
p r e s s u r e  of 2 5 2 
N / m  [ 100 ps ia ] ) ,  the  second s tage t empera tu re  was 
redlined at 1, 300°K ( 2 ,  350"R).  
redundant thermocouple  was  added to  the second s tage.  Fu r the r ,  a s  
was done during the NAS3-13306 t e s t s ,  the  tank ullage p r e s s u r e  was  
redlined a t  3 .45  x 10 N / m  (50 ps i a ) ,  the ul lage gas  t empera tu re  a t  
555°K (1, OOOOR), and the tank wall  t empera tu re  a t  500°K (900OR). 
It was  for  redl ine r easons  that  a 
5 2 
The p res su r i za t ion  t e s t  sequence was a l s o  a l t e r ed ,  so that the 5-percent  
ullage t e s t s  w e r e  scheduled f i r s t  and the 90-percent  t e s t s ,  potentially 
m o r e  prone  to injector  fa i lure  f r o m  LH2 starvat ion,  w e r e  scheduled 
l a s t .  The r ev i sed  t e s t  sequence i s  presented  in Table 2. The 
Table 2 
PRESSURIZATION TEST SEQUENCE 
LH2 Out- 
Tank P r e s s u r e  flow Rate 
(kg/  ( lb/  ( l o 4  
S imi la r  
NAS3- 13306 
Hold 2 Tes t  T e s t  N / m  ) ( p s i a )  s e c )  s e c )  Ullage (70) 
1 5 30 43 6.8 15 5 to 50 None 
2 6 30 43 6 .8  15 50 ( w a r m )  to None 
3 2 30 43 6.8 15 50 to empty 60 s e c  
4 4 30 43 6 .8  15 5 to empty None 
5 7 17 25 2.3 5 5 to empty 60  s e c  
6 14 17 25 2.3 5 50 to empty None 
7 11 17 25 2.3 5 90 to empty 60 s e c  
empty 
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s t ra ight -p ipe  t e s t s  of Contract NAS3- 13306, which were  conducted 
under s i m i l a r  operat ing conditions, a r e  shown (a l so  s e e  Reference 2). 
The t e s t  conditions w e r e  made a s  s imi l a r  as possible  in o r d e r  to m o r e  
d i r ec t ly  compare  the per formance  of the s t ra ight-pipe and NAR 
in jec tors .  
Al l  t e s t s  w e r e  conducted according to  MDAC Countdown Manua lS i t e  4 
(MDAC Drawing 1T17020) r equ i r emen t s .  P r i o r  to the tank p r e s s u r i z a -  
4 2 
N / m  tion t e s t s ,  the  G F 2  s y s t e m  was passivated with G F 2  a t  69 x 10 
(100 p s i a )  and a l l  G F  control  components w e r e  exercised.  Injection 
sequence checks w e r e  made  to  ver i fy  p rope r  operat ion of the  injection 
loop and p r e s s u r e  switches,  and to ver i fy  that the  G F  
del ivered the  cor rec t  p ressure  (approximately 67 x 10 
4 2 
a t  30 x 10 N / m  
2 
regula tor  
24 2 
N / m  [97 ps ia ]  
[43 psia] in the dome o r  tank). The tank was loaded 
with LH2 and checked fo r  leakage. Al l  LH flow control  valves  2 
w e r e  exerc ised  and a l l  instrumentat ion was checked for  p rope r  
fmct ioning.  
In the f i r s t  t e s t  a t tempt ,  the p rep res su r i za t ion  occur red  normal ly ,  but 
when init iation of LH2 outflow was at tempted,  the main  LH2 flow con- 
t ro l  valve fai led to open. P res su r i za t ion  was  te rmina ted  and the tank 
was vented. The flow control  valve then opened normal ly  and was lef t  
open. 
s t r e a m  LH2 rapid-unloading valve, although the outflow r a t e  was 
control led by modulating the main flow control  valve.  
The LHZ outflow was henceforth init iated by opening the down- 
Unfortunately, on the init ial  aborted pressur iza t ion  t e s t ,  the sensing 
l ine f r o m  the injector  second s tage s ta t ic  p r e s s u r e  tap  to the t r ans -  
ducer  was burned off. 
able cause  was that the init ial  su rge  of G F 2  through the injector  pushed 
a f lame front up the GH2-filled sensing l ine.  
Examination of the l ine indicated that the prob- 
The s t a t i c  p r e s s u r e  
50 
t r ansduce r  henceforth actual ly  indicated tank p r e s s u r e ,  but this  was  
not detected during the t e s t  s e r i e s  because  it had been anticipated 
tha t  the s t a t i c  p r e s s u r e  would probably be c lose  to tank p r e s s u r e  
( a s  was the c a s e  in the in jec tor  f i r ing t e s t ) .  
The overa l l  MTI  t e s t  r e s u l t s  a r e  shown in Table 3. The t imes  shown 
a r e  the t i m e s  following init ial  tank p r e s s u r e  r i s e  until  the p r e s s u r e  
switch actuated,  then the t ime  a t  which outflow began, and then the 
t ime a t  which a senso r  a t  a par t icu lar  level indicated the exact ullage 
volume. 
the exact  p r e s s u r e s  at that t ime, but indicate the low point of the init ial  
p r e s s u r e  band (the mos t  ex t r eme) .  The LH2 outflow r a t e  i s  the a v e r a g e  
between the t ime  given and the prev ious  t ime (e .  g . ,  fo r  Tes t  1 ,  between 
t = 4 seconds and 51 seconds,  the average  LH2 outflow r a t e  was 6. 13  kg/ 
s e c  [13. 5 l b / s e c ] ) .  
t ime,  a s  a r e  the max imum ullage and wall  t empera tu res .  
The tank p r e s s u r e s  shown in parentheses  a r e  not necessa r i ly  
The cumulative G F 2  consumption i s  shown fo r  each 
The MTI control  sys t em per formed in a nominal  manner ,  exactly a s  it 
had in the NAS3-13306 t e s t s .  
cont ro l  s y s t e m  i s  s t rongly dependent on the p r e s s u r e  switch r e sponse ,  
which did not change. 
T e s t  4 (5-percent  init ial  ullage) during p rep res su r i za t ion  and outflow, 
together  with the regulated G F 2  p r e s s u r e  h is tory .  
rapid p rep res su r i za t ion  (-4 seconds) ,  the control s y s t e m  maintains  a 
This  was because the r e sponse  of the 
F igu re  23 shows the tank p r e s s u r e  h i s to ry  for  
Despite the ve ry  
tank p r e s s u r e  band of about 2 x l o 4  N / m  2 (3 ps i a )  which soon n a r r o w s  
2 to l e s s  than 1 . 4  x l o 4  N / m  
slope of the tank p r e s s u r e  decay f r o m  hold to outflow. 
G F Z  p r e s s u r e  has  a cha rac t e r i s t i c  r e sponse  caused  by init ial  ove r -  
shoot with the regula tor  wide open when the in jec tor  valve opens.  
i s  followed by a per iod of roughly constant p r e s s u r e  until the tank 
p r e s s u r e  i n c r e a s e s  sufficiently to overcome the regula tor  s e a l  f r ic t ion 
(2  ps ia ) .  Note the abrupt  change in the 
The regulated 
This 
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and provide regulation. 
some l a g )  the increas ing  tank p r e s s u r e .  The O N  t i m e  fract ion i s  
quite low ( < l o  percent  during outflow and <2 percent  during hold). 
F igure  24 shows the control  s y s t e m  response  fo r  p rep res su r i za t ion  of 
50-percent  ullage. 
slow, and the regulated p r e s s u r e  follows the same  cha rac t e r i s t i c  
r e sponse  curve .  
valve cycle r a t e  and ON t ime fract ion when outflow s t a r t s .  
noted in all t e s t s  that  tank p r e s s u r e  was controlled to  within 0 .69  x 
10 N / m  (1.0 ps i a )  under  essent ia l ly  all conditions. 
The regulated p r e s s u r e  then follows (with 
Again, the tank p r e s s u r e  decay during hold is ve ry  
F igure  25 shows the d rama t i c  change in injector 
It was 
4 2 
During the testing, it was observed  that the G F 2  usage  and the ullage 
t empera tu res  w e r e  very  low (about half)  compared to those of the 
s t ra ight-pipe t e s t s  under  Contract NAS3- 13306, 
cor re la t ion  of the G F 2  usage and ullage t empera tu re  h i s to ry  i s  
descr ibed  in  the next section, Analysis and Comparison of Injectors .  
While tes t ing was i n  p r o g r e s s ,  it was thought that  the injector  was 
asp i ra t ing  a s  designed, with G H 2  m a s s  addition t o  the ullage respons-  
ible  fo r  keeping the ullage t empera tu res  low, thus reducing G F 2  usage. 
However, following the t e s t  s e r i e s ,  which demonst ra ted  excellent p r e s s -  
ur izat ion cha rac t e r i s t i c s  in  eve ry  respect ,  the  injector  was removed 
f r o m  the tank and it was found that the nozzle diffuser  downstream of 
the  second s tage  throa t  was again damaged by overheating ( s e e  F ig-  
u r e  26). 
v i r tual ly  identical  t o  that sustained during the injector  f i r ing tes t .  
melting was again apparent ly  caused by insufficient pumping of LH2 i n  
the  second stage.  
Detailed ana lys i s  and 
The LH2 pumping annulus was melted,  and the damage was 
The 
Analysis of the data indicated the regulator  (which was suspected of 
causing the damage in  the injector  f i r ing t e s t )  had per formed i n  a nom- 
inal fashion, The injector  thermocouples  indicated steadily increasing 
54 
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Figure 26. Injector Damage from Pressurization Tests 
57 
t empera tu res  (as  soon a s  G F 2  injection began) but stayed below the 
redl ine values.  The mos t  informative data w e r e  obtained f r o m  the 
t empera tu re  t r ansduce r  ( T L 9 )  in  the LH2 feed l ine t o  the injector.  
The data f r o m  two t e s t s  a r e  shown in  F igu re  27 on a ve r t i ca l  s ca l e  of 
19. 5°K (35"R) t o  89°K (160"R) .  
ullage ( t e s t  5)  with the t anknea r ly  full, shows the init ial  t e m p e r a t u r e  in 
the LH2 line t o  be 20 "K (36 OR). 
t empera tu re  jumped upward. 
the LH2 line caused by the init ial  s u r g e  of G F 2 .  
t rans ien t ,  
d rop  t o  21°K (38"R).  However, a s  soon a s  G F  flow was te rmina ted  
following prepressur iza t ion ,  the LH2 l ine t e m p e r a t u r e  jumped t o  a 
value of 69. 5°K (125"R) which was an approximate equi l ibr ium t e m -  
p e r a t u r e  de te rmined  by the  injector  t e m p e r a t u r e  (- 108 "K [194 OR]) and 
the ullage gas  t e m p e r a t u r e  (-36. 7 "K [66 OR]) following p r e p r e s s u r i -  
zation. 
throughout the hold per iod because  the injector  valve did not cycle.  
However, a s  soon a s  LH2 outflow s t a r t ed  and the injector  valve cycled, 
the  injector  t r i e d  t o  a s p i r a t e  (note the  t e m p e r a t u r e  dip)  but the LH 
l ine t e m p e r a t u r e  immediately went off s ca l e  when injection ceased fo r  
tha t  cycle.  2 
s t a t e  opera t ion  with sma l l  ullages,  but cannot a s p i r a t e  LH 
injector  becomes  w a r m  during cyclic operation. 
F igu re  27(a), fo r  5-percent  init ial  
Immediately following injection, the 
This  jump is at t r ibuted t o  backflow i n  
Following this  init ial  
the injector  did pump LH2, a s  evidenced by a t e m p e r a t u r e  
2 
The LH2 line t e m p e r a t u r e  s tayed at  about 55°K (100"R) 
2 
This  indicates  that  the  in jec tor  can  pump LH during s teady-  
2 when the 
F igu re  27(b) shows the t e m p e r a t u r e  h i s to ry  of the LH2 line fo r  90- 
percent  init ial  ullage ( tes t  7) with the tank nea r ly  empty. 
t e m p e r a t u r e  i n  the LH2 inlet l ine was 30°K (54"R). 
second prepressur iza t ion ,  the injector  pumped GH2, a s  evidenced by 
the drop in t e m p e r a t u r e  t o  27. 5°K (49. 5 " R )  which i s  m o r e  than 5. 5°K 
(10"R)  above the sa tura t ion  t empera tu re  a t  19.3 x lo4  N / m  ( 2 8  psia) .  
Again,  following injection terminat ion at  the end of prepressur iza t ion ,  
the t e m p e r a t u r e  jumped t o  the vicinity of 50°K ( 9 0 " R )  where  it pulsed 
The init ial  
During the 18- 
2 
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sha rp ly  downward with each injection cycle. 
injector  was  unable t o  pump LH2 up 5. 8 m (19 f t )  through the relat ively 
w a r m  ullage during the  r a the r  brief prepressur iza t ion .  
This  indicates that  the 
It was probable  that the  injector  damage occurredprogressivelythrough- 
out the  t e s t  s e r i e s ,  although a significant percentage of the  damage m a y  
have occur red  during the  las t  tes t .  
reason  f o r  injector  damage)  was that the injector  was designed to  oper-  
a t e  fuel-r ich,  a t  a n  O / F  weight ra t io  of about 1. 8: 1, when pumping LH2. 
The  equi l ibr ium combustion t e m p e r a t u r e  a t  an  O / F  ra t io  of 1. 8: 1 i s  
1, 580°K (2, 840"R), below the nickel 200 melting t empera tu re  of 
1, 715°K (3, 090"R). If the injector  pumped sa tura ted  H2 vapor  ( r a t h e r  
than LHZ)  through the s a m e  pumping a r e a ,  the O / F  ra t io  would be 36: 1 
2 a t  a tank p r e s s u r e  of 3 0  x l o4  N / m  
combustion t e m p e r a t u r e  of 3,  060°K (5, 5 0 0 " R ) .  
t rans i t ion  f r o m  LH to GH pumping, the injector  O / F  r a t io  could p a s s  2 2 
through s to ich iometr ic  ( O / F  = 19) with an  equivalent combustion 
t e m p e r a t u r e  of 4, 160°K ( 7 , 5 0 0 " R ) .  
The  reason  fo r  this  (and the bas ic  
(43 p s i a )  with an  equi l ibr ium 
In  addition, i n  the 
In t e s t  7, when the injector  was  pumping H2 vapor  at 27°K (49"R),  
assuming the  design pumping a r e a ,  the injector  was  operating a t  a n  
O / F  r a t io  of about 70 (with an  equivalent combustion t empera tu re  of 
1, 7 2 0 ° K  [3 ,  1 0 0 " R I  f o r  up t o  18 seconds.  
l a r g e r  ( f rom annulus melting),  m o r e  GH2 would have been pumped, 
with a lower O / F  r a t io  and higher  combustion t empera tu res .  In te res t -  
ingly, the  min imum LH2 flow area was the same a f t e r  the testing dam-  
age  as  it was  before.  Although the annulus a r e a  was increased  by 
melting f r o m  0. 449 x 
(1. 512 in. '), the  LH, inlet fitting was par t ia l ly  plugged by molten 
If the  pumping a r e a  was 
-4 2 m2 (0. 0696 in. 2 ,  t o  9. 76 x 10 m 
L- 
metal ,  reducing the or iginal  a r e a  of O. 895 x m2 (0. 1386 in. ') t o  - - 
2 0.448 x m2 (0. 0693 in. ). However, the  flow a r e a  was probably 
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genera l ly  l a r g e r  than the minimum during the tes t ing s o  that the t e m -  
p e r a t u r e s  downst ream of the second s tage  w e r e  probably in  excess  of 
1, 720°K ( 3 ,  100"R), hence the melting of the nozzle diffuser.  
The data indicate that the  injector  only pumps LH2 during p r e p r e s s u r -  
ization a t  5-percent  ini t ia l  ullage. 
ur izat ion a r e  shown by the  examples  in Table  4. 
The consequences of this  f o r  p r e s s -  
It can be seen  that the quantity of H2 pumped into the ullage by the 
injector  is insignificant (and immeasurab le )  compared to the evapor-  
a ted m a s s  o r  the total  ullage mass in a l l  c a s e s .  
that the injector  did not p e r f o r m  i ts  function of jet-pumping significant 
quantit ies of H into the ullage. However, the NAR injector  did display 
super ior  pressur iza t ion  performance,  compared  to the s t ra ight-pipe 
injector ,  with lower ullage t empera tu res  and reduced G F  usage.  The 
r easons  for  this  supe r io r  per formance  a r e  that design fea tures  of the 
injector  r e su l t  in  g r e a t e r  injection je t  penetration, ullage mixing, and 
inc reased  LH interface m a s s  addition. These  fac tors  alone a r e  the 
r easons  for  the supe r io r  per formance ,  a s  wil l  be descr ibed  and ana-  
lyzed in  de ta i l  in the following section, Analysis and Compar ison  of 
In jec tors .  
Therefore ,  it appea r s  
2 
2 
2 
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Table  4 
INJECTOR H2 PUMPING PERFORMANCE 
Minimum H2 Pumped into 
O / F  Ullage GF2 Us ag e :: 
(kg 1 (lb) Ratio (kg ) Ob) 
5 - P e r c e n t  Ullage 
Pr epr  e s s u r  izat  ion 0. 098 0. 216 1. 8 : l  0. 0545 0. 120 
2.31 5 .1  36: 1 0. 0645 0. 142 Outf 1 ow 
~~ ~ 
0. 119 0. 262 
H2 added t o  ullage by in te r face  evaporation""' 9. 5 21 
Total  ullage mass'""' 12. 7 28 
.I, ., 
50-Pe rcen t  Ullage 
P r e p r e s s u r i z a t i o n  and Outflow 1. 75 3. 85 36: 1 0. 0486 0. 107 
H 2  added t o  ullage by in te r face  evaporation::''' 
Tota l  ullage mass""" 
.L d, 
0 
19. 5 
0 
43 
9 0 - P e r c e n t  U11 a ge 
P r e p r e s s u r i z a t i o n  (low p r e s s u r e )  0. 276 0.607 70: 1 0. 004 0. 0087 
H2 added t o  ullage by  in te r face  evaporation'::'' 0 0 
58 
.L .l, 
Total  ullage mass'"'" 26. 3 
J 
'::See Table  3 
J, .I, '"*See d iscuss ion  on mass balance in Analysis and Compar ison  of 
Injectors  section. 
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ANALYSIS AND COMPARISON O F  INJECTORS . 
The bas i c  MTI p res su r i za t ion  analysis  (MDAC computer  code H819) 
developed under  cont rac t  NAS3- 13306 i s  reviewed in  this  section, 
followed by a compar ison  of exper imenta l  data  f r o m  the s t ra ight-pipe 
t e s t s  (NAS3- 13306) with da ta  f r o m  the NAR injector  tes t s .  The analytic 
techniques requi red  for  co r re l a t ion  of the exper imenta l  data  f r o m  the 
NAR injector  p re s su r i za t ion  t e s t s  a r e  then discussed,  followed by a 
descr ip t ion  of the modifications of the H819 computer  code requi red  to 
allow per formance  predict ion for  straight-pipe,  diffuser,  and je t -pump 
injector  types over  the full  range of hydrogen-fueled space vehicles.  
BASIC ANA LYSIS 
The complete der ivat ion of the MTI p res su r i za t ion  analysis  is presented  
in  Reference  2. 
sub s e ction. 
Only the bas i c  equations a r e  summar ized  in this 
The tank, propellant,  and ullage a r e  represented  by a one-dimensional 
model. Variat ions in  t empera tu re  and temperature-dependent  proper -  
ties occur  only along the ver t ica l  tank axis  with no rad ia l  o r  c i rcumfer -  
en t ia l  var ia t ions.  
conventional heated-gas tank p res su r i za t ion  (References  4, 5, 6)  and 
i ts  validity i s  wel l  established. Buoyant f o r c e s  caused by gravi ty  o r  
vehicle acce lera t ion  tend to  produce a s table  t h e r m a l  s t ra t i f icat ion i n  
the gas  and liquid, resul t ing in a t empera tu re  dis t r ibut ion tha t  i s  
e s s entially one - dimensional.  
This  model  i s  the bas i s  for  s e v e r a l  analyses  of 
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The computations a re  based on a finite difference representa t ion  of the 
physical sys tem.  The  tank wall, in ternal  hardware ,  propellant, and 
ullage a r e  each  divided by hgr izonta l  planes into a number of nodes, as  
shown schemat ica l ly  in F igu re  28, with the p rope r t i e s  within each  node 
being uniform. 
nodes can  v a r y  during the solution, while the wal l  and ha rdware  nodes 
a r e  of equal  thickness  and fixed. 
The  axial thickness  and location of the gas  and liquid 
Ullage mixing is a key fea ture  of the MTI analysis.  
causes  gas  mixing in the region n e a r  the injector ,  resul t ing in a near ly  
uni form t e m p e r a t u r e  in the top p a r t  of the ullage. Th i s  mixed zone is 
r ep resen ted  by the la rge ,  single,  upper  gas  node shown in F igure  28. 
Nonuniformities ex i s t  d i rec t ly  in the injectant flow path, par t icu lar ly  
with the MTI f lame;  however,  in  the vicinity of the wal l  hea t  t r a n s f e r  
surface,  
The  injectant inflow 
a near ly  uniform tempera ture  is maintained in  the mixing zone. 
The extent  of the mixed ullage reg ion  is d i rec t ly  re la ted to the depth of 
penetrat ion into the ul lage of the downward-flowing injectant jet. 
velocity of this j e t  d e c r e a s e s  with d is tance  f r o m  i t s  or igin due to  
buoyancy because  it i s  at higher  t empera tu re  and lower densi ty  than the 
ullage and because of v i scous  mixing with the surroundings.  These  
p r o c e s s e s  slow the j e t  to a z e r o  axial velocity at some  point, which is 
the j e t  penetrat ion l imit .  An ana lys i s  fo r  predicting this j e t  penetrat ion 
depth was  developed init ially fo r  nonreacting j e t s  (Reference  7 )  and was  
extended to the react ing MTI case.  
The  
The  bas i c  equation fo r  the dece lera t ion  of the j e t  center l ine velocity 
due to  buoyancy is 
2 
J J J 1 / 2  
p. d ( U .  ) = a (p .  - pu) d X  
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or 
2 P 11 d ( U .  j = 2 a ( l  ---) dX. 
pj 
J 
Because the ullage may  be nea r  LH 
pressibi l i ty  fac tor  i s  included in the equation fo r  p 
j e t  i s  a s sumed  to be a per fec t  gas;  Equation ( 2 )  becomes 
t empera tu res  initially, a com- 2 
but the w a r m e r  
U’ 
where  T .  is the t empera tu re  and W .  is  the molecular  weight on the 
center l ine of the je t ,  both of which va ry  with dis tance X in the flame 
s t ruc ture .  The var ia t ion  in  velocity because of turbulent j e t  mixing 
m u s t  a l s o  be specified. 
J J 
F o r  the nonreacting j e t  analysis  (Reference 7),  the equations of 
Laufer  (Reference  8 )  were  used for  T 
caused by j e t  mixing. 
jet .  
i s  a s sumed  to be unaffected by the MTI reaction: 
W and the velocity decay 
j’ j’ 
The same  equation f o r m  i s  used for  the react ing 
The center l ine velocity var ia t ion caused only by viscous mixing 
C 
x > x  
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(4) 
where  X The t empera tu re  equation is 
modified by using the f lame length X, a s  the effective t empera tu re  
is the velocity core  length. 
C 
co re  length: 
xF T. - T 1 x > x,. 
A? 
In the f lame region, a *&near  inc rease  ,n center l ine t empera tu re  is 
a s sumed: 
T.  - T. x - x  
x < x  S X F  XF - x C 
3 !O - C - - 
C 
T - T  jm jo 
and T .  r ema ins  equal to T 
center l ine  gas  composition i s  a l s o  given by Equations ( 5 )  and ( 6 ) ,  
replacing the left s ide of both by Y 
equal  to one a t  the max imum tempera tu re  point and z e r o  in the s u r -  
rounding medium, and at the j e t  exit. The j e t  center l ine molecular  
weight is then given by 
in  the velocity co re  region (X  < X ). The J j o  C 
j '  
the m a s s  f rac t ion  of H F  which is 
where JV = \V f o r  X >  X and W = - V i  for X < X s X F .  
0 €12 F 0 F2 C 
The values  of X and X were  de te rmined  empir ical ly .  The velocity 
co re  length was evaluated f r o m  nonreacting j e t  t e s t  data  (Reference  9) .  
C F 
l / Z  X = 23 .0  [pjo d 2 /8Pu] 
C 
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The f l ame  length was  measu red  f r o m  photographic data  taken during the 
NAS3-7963 t e s t s  (Reference  1) and defined as 
XF = X t 5 7 d  
C 
where both X and X a r e  measu red  f r o m  the j e t  exit. 
C F 
The center l ine velocity- squared dec remen t  caused by buoyancy fo rces  
on the hot, downward flowing j e t  i s  found by combining and integrating 
the above equations, giving three  different equations fo r  the three  
regions of the j e t  s t ruc tu re :  the velocity core ,  the flame zone, and 
beyond the f lame zone. 
Velocity core  zone ( X  5 Xc): 
Fiame zone ( X  < X 5 XF): 
C 
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where  
A =  
B =  
c =  
T W  
j o  H, 
L. 
' - W  Z T  Fz u u 
wH2 - WHF)(Tjm - 'r jo ) . 
Z T  - '' =2 wHI.- u u ("F - xc)2 
Beyond the flame zone (X  > X ): F 
where  
D = I - -  TO 
Z T  u u  
2a D ( X ,  - X I )  [ -+ In (3) 
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E =  
In all regions of the j e t  flow, the center l ine veloci ty-squared dec re -  
ment  f r o m  locations X to  X caused by turbulent mixing with the 1 2 
surrounding ullage is given by 
f r o m  Equation (4) .  
is the s u m  of the mixing and buoyancy contributions 
The total  center l ine velocity- squared dec remen t  
where  the mixing contribution is z e r o  when X < X C . 
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Equation (14) de t e rmines  the j e t  penetrat ion depth X 
center l ine  velocity has  dec reased  to zero.  
ullage zone X may be l e s s  than X - therefore ,  
a t  which the 
P 
The depth of the mixed 
mix P’ 
= f  x 
mix m P  
X 
defines a mixing f rac t ion  fac tor  f 
t iveness  of the ullage mixing. 
which i s  a m e a s u r e  of the effec- my 
The j e t  penetrat ion and ullage par t ia l -mixing models  a r e  of p r i m a r y  
impor tance  to the overa l l  MTI p res su r i za t ion  analysis .  
r e l eased  by the f lame goes into the mixed zone because this  i s  the 
region d i rec t ly  affected by the injectant flow. 
t r a n s f e r  to the tank wal l  occurs  in this  region due to the agitation 
caused by the gas  mixing. 
liquid in te r face  a r e  de te rmined  by the injectant j e t  penetrat ion because 
the dominant mode of interface hea t  t r ans fe r  r e su l t s  f r o m  d i r e c t  
impingement of the injectant flow upon the liquid surface.  Other  
a spec t s  of the ana lys i s  a r e  s i m i l a r  to  that of a conventional heated-gas 
p re s su r i za t ion  sys tem.  
All  heat  
Forced  convection hea t  
The hea t  and m a s s  t r ans fe r  a t  the gas-  
The MTI p res su r i za t ion  computer  p r o g r a m  (H8 19) incorporat ing the 
above fea tures  includes essent ia l ly  a l l  capabili t ies of existing p res su r i -  
zation p rograms :  var iab le  p rope r t i e s  for  the gas,  liquid, wall, and 
in te rna l  hardware :  un res t r i c t ed  tank configuration; injectant supply 
s y s t e m  computations;  operat ing p a r a m e t e r s  specified by e i ther  t ime-  
var iab le  tabular  inputs o r  in te rna l  calculat ions,  and a number of differ-  
ent operat ing modes.  
propel lant  outflow r a t e s  a r e  specified and the computer  p r o g r a m  cal-  
culate s the t empera tu re  dis t r ibut ions in the wall, hardware ,  liquid, 
and gas,  a s  well  a s  the liquid vaporizat ion r a t e  and tank p r e s s u r e ,  a l l  
In no rma l  usage, the f luorine supply s y s t e m  and 
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of lyhich va ry  with t ime  during the solution. 
f r o m  the p r o g r a m  a s  frequently as des i red .  
These  data  may be output 
COMPARISON O F  INJECTORS 
During pressur iza t ion  testing, i t  was  obvious that the NAR injector  was  
maintaining a much co lder  ullage and was  using much l e s s  G F  than was  
the c a s e  during the s t ra ight-pipe in jec tor  t e s t s  conducted under  con t r ac t  
NAS3- 13306. Fortunately,  the t e s t  conditions often w e r e  pract ical ly  
identical  f o r  both the NAR in jec tor  and s t ra ight-pipe injector  t e s t s  ( see  
Table 2). F o r  example,  T e s t  2 f r o m  the NAS3-13306 tes t s  is compar -  
able  to T e s t  3 f r o m  this program.  
ullage, opera ted  at a tank p r e s s u r e  of 30 x l o 4  N / m  
essent ia l ly  identical  LH 
t e m p e r a t u r e  h is tory  f o r  both t e s t s  is shown in  F i g u r e s  29a, b, and c .  
It is obvious f r o m  F i g u r e s  29b and 29c that the N A R  in jec tor  h a s  g r e a t e r  
j e t  penetrat ion and ullage mixing than the s t ra ight-pipe.  
and 29c a l s o  i l lus t ra te  the acce lera t ion  of t empera tu re  r i s e  when the 
u l l a g e  ge ts  w a r m .  This  leads to i nc reased  hea t  t r ans fe r ,  G F 2  demand, 
higher  t empera tu res ,  e t c . ,  until the G F  flow is on a l l  the t ime, which 
leads to in-tank circulat ion and s t ra t i f icat ion,  as  shown by ? e s t  2 
r c s u l t s  shown in F igu re  29c (Reference  Z), 
f o r  the tes ts  is  shown in Table  5. 
2 
Both tests had 50-percent  init ial  
2 (43 psia),  and had 
The ullage g a s  outflow ra t e s  and tes t  times. 2 
F igu res  29b 
2 
A compar i son  of C F  usage  
Table 5 
G F 2  USAGE COMPARISON 
T e s t  3, NAS3- 14381 T e s t  2, NAS3-13306 
(NAR In jec tor )  (Straight- P ipe )  
Ullage Level  kg l b  kg l b  
End p rep res -  
sur izat  ion 0. 253  0.557 0. 585 1. 290 
5 0'0 
3 5 y o  
2 0"; 
1 ooh 
0.365 0. 803 0. 785 1.730 
0.765 1.687 1.650 3.630 
1. 145 2.522 2.550 5.630 
1.750 3. 850 3. 030 6.680 
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Figure 29a. Ullage Gas Temperature Comparison, 50-Percent Ullage 
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Figure 29b. Ullage Gas Temperature Comparison, 50-Percent Ullage 
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Figure 29c. Ullage Gas Temperature Comparison, 50-Percent Ullage 
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The NAR in jec tor  consis tent ly  used  about half as  much G F 2  a s  the 
s t ra ight-pipe injector,  which i s  a d i r e c t  indication of the NAR in j ec to r ' s  
supe r io r  j e t  penetrat ion and mixing, and demonstrates  the impor tance  
of these p a r a m e t e r s .  
Tes t  7 f r o m  the NAS3-13306 t e s t s  and Tes t  5 f r o m  this p r o g r a m  a l s o  
were  compared .  Both t e s t s  had 5-percent  init ial  ullage, opera ted  a t  a 
2 tank p r e s s u r e  of 18. 6 x 10' N / m  (27  psia),  and h a s  essent ia l ly  identi- 
ca l  LH flow r a t e s  and t e s t  t imes .  The ullage gas  t empera tu re  h is tory  
fo r  these  t e s t s  is shown i n  F igu res  30a, b, c, and d. It can  be s e e n  
f r o m  F i g u r e s  30a and 30b that the t e m p e r a t u r e s  and penetrat ion f o r  the 
two in jec tors  a r e  essent ia l ly  the same down to the 65-percent  level. At 
that  point, the s t ra ight-pipe t empera tu res  r i s e  rapidly and d iverge  
f r o m  the NAR in jec tor  da ta  (see F i g u r e s  30c and 3Od). This ,  basical ly ,  
is  because the NAR in jec tor  h a s  g r e a t e r  evaporat ion of L H  
interface,  and therefore  lower ullage t empera tu res .  
and LE2  evaporat ion a r e  compared i n  Table  6. 
that  the GF2  usage is  a l s o  close,  down to the 65-percent  level, before  
the s t ra ight-pipe GF2 usage i n c r e a s e s  rapidly. 
t o r  u s e s  0. 036 kg (0.  08 l b )  m o r e  G F 2  than the s t ra ight-pipe a t  the 8 0 -  
and 65-percent  levels. 
LHz evaporat ion of 1 .36  kg (3.0 l b )  that  the NAR in jec tor  shows a t  the 
80- and 65-percent  levels. 
[ O .  0 8  lb] of G F  
s t ra ight  pipe, the LH 
the liquid penetrat ion by the j e t  ceases ) ,  but the N A R  injector,  with i t s  
s u p e r i o r  j e t  penetration, continues to  pene t ra te  the liquid and evapora te  
L H  The l a rge  evaporat ion num- 
b e r s  shown in  pa ren theses  in Table 6 a r e  in e r r o r ,  and a re  caused by 
the l inear  extrapolat ion f r o m  the 40-percent  level down, due to 
inoperable  t e m p e r a t u r e  s e n s o r s  at  these levels. In actuality, the NAR 
2 
a t  the 2 
The G F 2  usage  
The  table data  show 
In fact ,  the NAR injec-  
Th i s  e x t r a  GF2 goes  d i rec t ly  into the inc reased  
(The  combust ion ene rgy  f r o m  0.036 kg 
c a n  evapora te  1. 18 kg [ 2 . 6  lb]  of LH2. ) F o r  the 2 
evaporat ion s tops  a t  the 65-percent  level (when 2 
down to  nea r ly  the 35-percent  level. 2 
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81 
injector  doubtless pene t ra tes  s e v e r a l  feet  fu r the r  than shown, which.  
would give evaporation values  in l ine with the 5. 2 kg (1 1. 45 lb) shown. 
Development of je t  penetration, in te r face  heat  t r ans fe r ,  and tank wall  
heat t r a n s f e r  models  to allow predict ion of ullage t empera tu res ,  GF2 
usage, and LH2 evaporat ion for  the NAR injector  a r e  descr ibed  in the 
following section. 
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ANALYTIC CORRELATION WITH EXPERIMENTAL DATA 
Ullage G a s  T e m p e r a t u r e  and G F 2  Usage 
Two of the m o s t  impor tan t  p a r a m e t e r s  i n  the predict ion of MTI 
injector  pe r fo rmance  a re  G F  
g a s  (which d i rec t ly  affects  both tank wall heating and G F 2  usage).  
These  p a r a m e t e r s  a r e  d i r ec t ly  re la ted to the degree  of ullage mixing. 
With good ullage mixing, the ullage g a s  t empera tu re  i s  lower,  hea t  
t r ans fe r  to the wall  is  lower,  and G F Z  requ i r emen t s  therefore  a r e  
minimized.  
ullage t empera tu re ,  higher  hea t  t ransfer ,  and g r e a t e r  G F 2  usage. 
If the ullage i s  completely mixed to the depth of the predicted in jec-  
tant  penetration, the mixing f rac t ion  factor ,  fm, equals  1. 0 ( s ee  
Equation 15). 
d i rec t ly  affected, but the mixed depth is less,  and thus the tempera-  
t u re  i n  the mixed region is  higher .  
usage and the t empera tu re  of the ullage 2 
The r e v e r s e  i s  a l so  t rue :  P o o r  mixing r e su l t s  i n  h igher  
If f m  < 1 .  0, the injectant  j e t  penetrat ion i tself  is  not 
In  the previous investigation under  NAS3- 13306 (Reference 2),  f o r  
those t e s t s  with l a r g e  ini t ia l  ullages (no in te r face  mass t r a n s f e r )  and 
high tank p r e s s u r e s ,  where the G F 2  r equ i r emen t s  demanded l a r g e  
injector  on- t ime f rac t ions ,  the ullage g a s  t empera tu res  were  c o r r e -  
lated by  assuming fm = 0. 8. 
s m a l l e r  G F  r equ i r emen t s  w e r e  sat isf ied by small on-t ime f rac t ions ,  
t e m p e r a t u r e s  w e r e  co r re l a t ed  by assuming f = 0.9 .  The difference 
was possibly due to a n  ullage circulat ion flow field which o c c u r r e d  
with long on-t ime f rac t ions ,  and led  to t empera tu re  s t ra t i f icat ion in  
the tank and reduced ullage mixing. The tes t s  with the NAR in jec tor  
w e r e  all  cha rac t e r i zed  by  v e r y  s h o r t  in jec tor  on-time f rac t ions ,  and 
deep, uniform t empera tu re  profiles,  so  that the co r re l a t ion  was  done 
with a n  a s s u m e d  f 
But the low-pressure  cases ,  where 
2 
m 
= 0.9. m 
83 
The p rocesses  occurr ing  i n  the N A R  in jec tor  a r e  much  m o r e  complex 
than in  the simple s t ra ight  p i p e  previously tested.  
flow a t  the in jec tor  ex i t  is l ikely to have nonuniform dis t r ibut ion of 
t empera tu re ,  composition, and velocity, and i t  is not obvious how the 
je t  penetration p rocess  should be modeled. I t  was  f i r s t  a s sumed  that 
the mixing between the G F  
second s tage diffuser was  no different than that occur r ing  f o r  a G F  
flow into an  unconfined ullage. 
the conditions a t  the second s tage ventur i  exit .  This  high-velocity, 
2 sma l l -d i ame te r  j e t  did not give adequate ullage penetration f o r  G F  
inlet  t empera tu re  of e i the r  333°K (600"R) o r  555°K (1, 000"R).  I t  was  
then a s sumed  that the G F  
through a n o r m a l  shock to become subsonic and then filled the en t i re  
2 3. 3 x 10 
flow. 
depth and excess ive  ullage t empera tu re  even  with fm = 1.0, as  shown 
in F igu re  31 for  tes t  3 (50-percent  ini t ia l  ullage). 
indicate the predicted mixed-zone depth and t empera tu re  (the s t ra t i f ied 
ullage below the mixed zone is  not shown fo r  c l a r i t y )  compared  to the 
exper imenta l  points. 
enough hydrogen to affect  the behavior of the jet .  
The injectant  gas  
s t r e a m  and the asp i ra ted  GH 2 2 i n  the 
2 
The je t -ex i t  p a r a m e t e r s  were  se t  for  
flow f r o m  the second s tage ventur i  went 2 
- 2  -m (1. 3-in. ) d iame te r  in jec tor  width, with negligible GH 
The ana lys i s  again predicted insufficient ullage penetration 
The  l i nes  shown 
I t  seems c l e a r  that the in jec tor  was  pumping 
If the in jec tor  was a s sumed  to be pumping GH 
(for example,  36), the weight of pumped H was  small, but the m o l a r  
flow of the low-molecular  weight H2 is near ly  half that of the G F 2  and 
is  enough to effectively confine the G F  
tant velocity and penetration. 
effect :  
a t  a l a r g e  O / F  ra t io  2 
2 
flow, thus giving h igher  injec-  2 
The  following equations indicate this 
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assuming per fec t  gas ,  
- P 
R 
WJ T J  
- 'J - 
substi tuting i n  (16) 
m RTJ 
u 1-- 
WJ P A  
J 
and 
m m m m 
F2 
(O/F)WH t 
J F2 + - - -  H2 F2 
- w  
m 
- - -  
wH2 F2 2 
W J  - w 
=2 
substi tuting in  (18) 
In addition, s o m e  of the G F  
contr ibutes  to inc reased  injectant  velocity by ra i s ing  the m e a n  effec- 
t ive j e t  t empera tu re  (T 
flow is mixed and a t  a n  ave rage  t empera tu re ,  but r a t h e r  that  the mean  
veloci ty  of the j e t  co r re sponds  to the m e a n  effective tempera ture .  
example,  i f  9 percent  of the G F  
injector ,  then T J  would equal  1, 111 OK (2, O O O O R ) ,  a ssuming the G F 2  
f r o m  the f i r s t  s tage i s  a t  3 3 3 ° K  (600"R) .  
combus t s  inside the in jec tor  and thus 2 
i n  Equation 20). Th i s  does not mean  that the J 
For 
combus t s  with pumped GH2 i n  the 2 
The O / F  ra t io  and m e a n  effective t empera tu re  de t e rmine  the je t -ex i t  
velocity. The je t -center l ine  proper t ies  f o r  the penetrat ion depth 
86 
analysis  a r e  de te rmined  by the unreacted c o r e  of the j e t  p u m p  flow, 
that i s ,  pure  G F 2  a t  333°K (600"R).  
to be a cen t r a l  c o r e  of G F  surrounded by an outer  sheath of pumped 
GH which join in  a mixing/ reac t ion  zone. Ex t r eme ly  high tempera-  
t u re s  occur  i n  the react ion zone, resul t ing in  a higher  m e a n  tempera-  
tu re  f o r  the total  flow although mos t  of the G F  
The G F  
s tage of the injector .  
555°K (1, 000"R) a s s u m e s  LH2 e n t e r s  the hea t  exchanger  in  the f i r s t  
s tage feed l ine.  Exper imenta l  data indicate that GH 
exchanger ,  which gives  a much higher GH2 in le t  t empera ture  to the 
f i r s t  s tage  combustor ,  higher  O / F  rat io ,  and lower  combustion product 
t empera tu re ;  therefore ,  the f i rs t  s tage t empera tu re  was s e t  a t  333 "K 
(600 OR). 
The j e t  pump outflow is presumed 
2 
2 
c o r e  wi l l  be unaffected. 
2 
t empera tu re  i s  that  result ing f r o m  combustion in  the f i r s t  2 
The design O / F  = 800 with a t empera tu re  of 
en tered  the hea t  2 
Based on the above assumptions ( O / F  = 36; T J  = 1, 111°K [ 2 ,  OOOOR]), 
the ullage g a s  mixed-zone tempera ture  h i s to ry  was predicted f o r  the 
l a rge  ullage volume t e s t s  (3,  6, 7, and 2 )  a s  shown in  F igu res  32, 33, 
34, and 35. The ag reemen t  is excellent,  except  fo r  T e s t  2, a w a r m  
ini t ia l  ullage c a s e  with s m a l l  on-t ime f rac t ions  where f = 0. 9 gave 
excessive ullage t empera tu res  and G F  usage. The s a m e  situation 2 
was encountered i n  T e s t  13 f r o m  NAS3-13306, a l so  a w a r m  init ial  
ullage tes t  with small on-time f rac t ion ,  and the data  f r o m  t e s t  13 
were  b e s t  co r re l a t ed  with f = 1.0.  I t  was postulated a t  the t ime 
that the w a r m  ini t ia l  ullage r e s i s t ed  es tab l i shment  of the ullage c i r -  
culation field,  but substantiation of this thes i s  was not possible.  
e v e r ,  T e s t  2 f r o m  this p rogram was a l so  well co r re l a t ed  with f m  = l .  0, 
so  that an  ullage tempera ture  effect  does i n  f ac t  s e e m  to a c t  i n  these 
cases .  
m 
m 
How- 
In addition to accura te  j e t  penetration predictions,  the heat  t r ans fe r  
c h a r a c t e r i s t i c s  f r o m  the ullage g a s  m u s t  be known to accura te ly  
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predic t  the G F 2  usage. 
NAS3-13306, the hea t  flux data  were  quite l imited s ince a number of 
f luxmeters  succumbed to the high ullage t empera tu res .  In this pro-  
g r a m ,  s ince the ullage t e m p e r a t u r e s  were  much lower,  consis tent  
hea t  f l u x  data were  obtained fo r  a l l  t es t s .  The hea t  flux data f r o m  
these t e s t s  indicate hea t  t r ans fe r  substant ia l ly  i n  e x c e s s  of that  
accounted f o r  by f r e e  convection. 
ured hea t  t r a n s f e r  coefficient and the f r e e  convection hea t  t r a n s f e r  
coefficient was  a s sumed  to be  the forced  convection hea t  t r ans fe r  
coefficient.  F r o m  Reference 10, the equation fo r  forced convection 
to a ve r t i ca l  f la t  p l a t e  i s :  
In the previous t e s t s  under Contract  
The  difference between the m e a s -  
- hfod = 0 . 0 3 7  ( P Fd)*” ( ,>,I3 
K 
The forced  convection hea t  t r ans fe r  coefficient is weakly dependent on 
a c h a r a c t e r i s t i c  dimension ( d - 1 / 5 )  which was a r b i t r a r i l y  s e t  a t  0. 1017 m 
(4 in. ), the width and height of the f luxmeter .  
give the c o r r e c t  forced  convection coefficient was determined.  In the 
previous t e s t s  i t  was  observed  that this velocity was re la ted  to the GH 
velocity i n  the in jec tor  and to the injector  on-t ime f rac t ion  fo r  the 
f luxmete r s  i n  the mixed zone (top of the ullage),  by the cor re la t ion .  
The  velocity needed to 
2 
Uf0  = . 1 2  U J 0 .  f 
In the previous tes t s ,  the injectant  velocity, U Jo, genera l ly  ranged 
f r o m  6. 1 to 9. 1 m / s e c  (20 to 30 f t / s e c )  and the on-t ime f rac t ion  was 
genera l ly  quite l a r g e  ( >  0. 5), except  f o r  the small ullage tes t s .  The 
co r re l a t ion  was conveniently mechanized in  the H8 19 computer  code 
by sett ing U 
ing forced  convection to occur  only during injection (which accounted 
to equal  12 percent  of the injectant velocity, and allow- fo 
92 
fo r  the f dependence) even though i t  was apparent  that  forced  convec- 
tion hea t  t r a n s f e r  was occurr ing  to some degree  when injection was 
not occur r ing .  
was significant i n  predicting G F  usage, the on-t ime f rac t ion  was 2 
usually n e a r  1. 0, so  that the computer  mechanization of the c o r r e l a -  
tion was in  l ine with physical real i ty ,  and gave accura te  resu l t s .  
F o r  the tes t s  where forced convection heat  t r a n s f e r  
F o r  the t e s t s  i n  this program,  UJo ranged f r o m  61 to 70 m/’sec (200 
to 230 f t / s e c )  and the on-t ime f rac t ions  were always v e r y  small 
(<  0 .25) .  
the predicted hea t  t r ans fe r  and G F 2  usage were  much s m a l l e r  than 
observed.  The reason,  of course ,  was that forced convection hea t  
t r a n s f e r  actual ly  occur red  fo r  per iods of t ime much longer  than the 
on-t ime ( a s  shown by the f luxmeter  data) .  
modified to give the observed hea t  t r ans fe r  during injector  cycling, 
the forced-convect ion velocity was unreal is t ical ly  l a rge  (essent ia l ly  
equal to o r  g r e a t e r  than injection velocity),  which caused problems 
of excess ive  heat  t r ans fe r  during relat ively long prepressur iza t ions .  
If the previous co r re l a t ion  and mechanization were  used, 
If the co r re l a t ion  was 
I t  was  de te rmined  that a different  mechanization f o r  the hea t  t r ans fe r  
p rocess ,  m o r e  i n  l ine with physical real i ty ,  would be n e c e s s a r y  to 
give the c o r r e c t  cor re la t ion  of heat t ransfer  data obtained i n  both the 
previous and c u r r e n t  tes t  p rog rams .  
t r ans fe r  was a s sumed  to occur  a l l  of the t ime ( a s  indicated by the 
da ta )  with an equivalent forced convection velocity equal to 6 percent  
of the injectant  velocity, a s  shown i n  F igure  36. Again, forced  con- 
vection is a s sumed  to occur  only in  the mixed zone; i n  the lower  
unmixed portion of the ullage, the overa l l  heat  t r ans fe r  coefficient 
was that  f o r  f r e e  convection only. 
The forced  convection hea t  
93 
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Figure 36. Forced Convection Heat Transfer Velocity Correlation 
The je t  penetrat ion and hea t  t r a n s f e r  models  gave good a g r e e m e n t  
between predicted and measu red  G F 2  usage as  shown in  Table  7, 
despi te  the s c a t t e r  i n  the computed velocity data  shown i n  F igu re  36. 
I n  o r d e r  to e n s u r e  that the new hea t  t r ans fe r  mechanization did not 
have a d v e r s e  effects  on the co r re l a t ion  of the previous s t ra ight-pipe 
t e s t s  f r o m  NAS3- 13306, representa t ive  t e s t s  were  co r re l a t ed  using 
the c u r r e n t  hea t  t r a n s f e r  model,  a s  shown in F igu re  37 f o r  T e s t  2 
(NAS3- 13306), a h igh -p res su re  50-percent  ullage case ,  and i n  Fig-  
u re  38 f o r  T e s t  14 (NAS3-13306), a low-pres su re  50 percent  ullage 
case .  
excel lent  (especial ly  f o r  T e s t  2). 
predict ions,  both c u r r e n t  and previous,  with the observed G F Z  usage 
i s  shown i n  Table  8. 
, 
Again, the ag reemen t  between prediction and exper iment  is 
A compar ison  of the G F 2  usage 
94 
Table 7 
COMPARISON O F  OBSERVED AND PREDICTED 
CUMULATIVE G F 2  USAGE 
Observed G F 2  Usage Predicted G F 2  Usage E r r o r  
1 4 0. 097 0. 215 0. 108 0. 239 t 1 1 . 2  
5 1  0.429 0. 942 0.488 1.075 t14. 1 
99 0. 714 1. 572 0. 762 1. 680 t 6 . 9  
146 1.088 2. 396 1. 109 2.441 t 1. 9 
2 2 0. 070 0. 155 0. 063 0. 140 - 9. 7 
8 0. 070 0. 155 0.087 0. 192 t23 .  9 
60 0 .511  1. 124 0.557 1. 228 t 9 . 3  
105 0. 906 1. 996 1. 182 2. 606 t30. 6 
146 1.390 3 .061  1.804 3.980 t30.  3 
3 10 0. 253 0 .557  0. 255 0.562 t 0 . 9  
10 1 0. 340 0.749 0. 255 0.562 t25.  0 
15 1 0. 700 1. 542 0.548 1. 208 -21. 6 
194 1.038 2. 285 1. 033 2. 280 - 0 . 2  
22 1 1. 540 3.  390 1.470 3. 243 - 4 . 3  
4 4 0 .098  0. 216 0. 114 0. 251 t16. 2 
7 0. 098 0. 216 0. 132 0.291 t34. 7 
67 0. 651 1. 436 0.468 1 .031  -28. 2 
2. 071 0. 746 1. 645 -20. 6 112 0. 940 
160 1. 273 2. 803 1. 110 2.444 -12. 8 
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Table 7 (Continued) 
Observed G F  Usage Predic ted  G F  Usage Error  
2 - 2 
Tes t  Time k g )  (1b) k g )  Ub 1 ' ( % I  
20 9 1. 518 3. 340 (1. 332) (2. 941) -11 .9  
265 1. 805 3.975 1- 
317 1. 805 3.975 ,I 
.I, .L e,..b 
.L 1- .L a,- .L 
5 3 
73 
192 
321 
44 9 
585 
70 9 
79 7 
0. 043 0. 095 
0. 043 0. 095 
0. 174 0. 383 
0. 348 0. 767 
0. 632 1. 392 
0 .959  2. 112 
1. 286 2. 832 
1. 612 3 .  552 
0. 027 0. 059 
0 .027  0.059 
0. 244 0.495 
0. 463 1.020 
0. 701 1.544 
0 .991  2. 182 
1.490 3. 286 
2.000 4. 410 
-37 .9  
-37 .9  
t29.  2 
t33 .0  
t 1 0 . 9  
t 3 . 3  
t16.  0 
t19 .  5 
6 9 0. 137 0. 301 0. 120 0. 265 -12 .0  
3 4  0.  159 0. 350 0. 120 0. 265 -24. 3 
170 0. 361 0.795 0. 296 0. 654 -17. 7 
28 7 0. 653 1. 438 0. 607 1.337 - 7 . 0  
393 0. 980 2. 179 0. 929 2 .046  - 6. 1 
7 18 0. 276 0. 607 0. 287 0. 633 t 4. 1 
113 0. 298 0. 657 0. 350 0.749 t14. 0 
._-I_._ ll_____l_- 
.a, . 
Corre la t ion  not completed for interrupted test. 
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Figure 37. Temperature Correlation for Test 2, NAS3-13306, Straight-Pipe 
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Following the successfu l  cor re la t ion  of the large-ul lage t e s t s  (which 
ver i fy  the j e t  penetration and hea t  t r ans fe r  models ) ,  the small-ul lage 
t e s t s  were analyzed. 
ture  h is tory ,  G F  usage, and LH evaporation, the LH interface 
m a s s  and hea t  t r a n s f e r  p rocesses  m u s t  be accura te ly  modeled. 
In o r d e r  to accura te ly  predict  ullage tempera-  
2 2 2 
The cor re la t ion  establ ished i n  the previous investigation (NAS3- 13306, 
s ee  Reference 2 )  f o r  in te r face  hea t  and m a s s  t r ans fe r  was expres sed  
by 
2 = 0 . 6 X L  
qg 
sL = O S 2  qg 
f o r  the gas- to- interface and interface- to- l iquid hea t  t r ans fe r  rate.s, 
i s  the hea t  input r a t e  to liquid g - GL respect ively.  The difference 4 
vaporization. 
5-percent  ullage computations f o r  the j e t  p u m p  injector  tes t s ,  but gave 
much l e s s  vaporizat ion than indicated by the m a s s  balance.  The ini t ia l  
liquid penetrat ion depth, XL, with the NAR in jec tor  was s i m i l a r  to that 
with the s t ra ight-pipe in jec tor ,  although the injector-to-liquid dis tance 
was m o r e  than three t imes  a s  g r e a t  with the j e t  pump, 
that the in jec tor -  to-liquid dis tance is an  important  pa rame te r  in 
determining the hea t  t r ans fe r  and evaporat ion r a t e s .  
r a t e  was assumed proportional to the a r e a  of the j e t  impingement 
(proport ional  to the square  of the injector-to-liquid d is tance)  a s  
well a s  the intensi ty  of the convective dis turbance (proportional 
These  same  equations were  retained ini t ia l ly  in  the 
I t  i s  apparent  
The total hea t  
100 
to  the squa re  of the penetrat ion depth). 
this  f o r m  is 
The resul t ing co r re l a t ion  of 
2 2  = 0. 15 (Xif - Xin) X L  
qg 
where  the coefficient value of 0. 15 was  de te rmined  f r o m  the NAR 
in jec tor  t e s t  da t a .  
in jector- to- l iquid dis tances .  However, the heat t r a n s f e r  r a t e  
approaches  z e r o  as  the injector  exit  approaches  the in te r face  (as 
[Xif - Xin] approaches  ze ro ) .  
a min imum value of (X 
the computer  code f o r  this  relationship.  
f r o m  the gas ,  20 percent  is  los t  to  liquid heating and 80 percent  
vapor izes  liquid as i n  the previous cor re la t ion .  
This  co r re l a t ion  is effective fo r  reasonably l a rge  
This is  not physically valid;  therefore ,  
0. 3048 m (1. 0 f t )  is  maintained in - Xin) = i f  
Of the total  heat  t r a n s f e r r e d  
With th i s  in te r face  model, the ullage gas  t e m p e r a t u r e s  were  predicted 
accu ra t e ly  f o r  Tes t s  1 and 4 a s  shown in  F i g u r e s  39 and 40. The GF2 
usage  fo r  these  t e s t s  was a l s o  accura te ly  predicted,  a s  shown in  
Table 7. 
because  the G F  injection was shut down a t  t = 187 seconds,  
r e s t a r t ed ,  and again shut down a t  indeterminate  ullage volumes. ) 
When compared to representat ive 5 percent  ullage t es t s  f r o m  
NAS3-13306 (Tes t s  4 and 5 )  the new cor re la t ion  gave conserva t ive  
t empera tu re  predict ion (the l ea s t  accu ra t e  match  is shown in  
F igu re  41 f o r  T e s t  5 )  a t  the previously a s sumed  f, = 0.8.  
(The co r re l a t ion  was not pursued to the end of Tes t  4 
2 
The co r re l a t ion  was  not successfu l  fo r  Tes t  5, which was  a low 
p r e s s u r e ,  low L H  outflow ra te ,  long durat ion (800 seconds)  tes t .  In 
the prev ious  p r o g r a m  under Contract  NAS3-13306, Tes t  7 was  the 
s a m e  kind of t e s t  and a l s o  was not co r re l a t ed  by Equation (23). 
r e a s o n  advanced a t  that  t ime was  that the long durat ion of the t e s t  
allowed ex te rna l  heat  leak  to  cause  a l aye r  of sa tura ted  LH 
2 
The 
to  build 2 
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Figure 39. Temperature Correlation for Test 1, NAS3-14381 
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Figure 40. Temperature Correlation for Test 4, NAS3-14381 
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104 
up a t  the interface,  so that al l  heat input went to evaporation. 
F u r t h e r ,  it was  postulated that the evaporat ion would not necessa r i ly  
depend on XL because of the v e r y  sho r t  on-t ime f rac t ion  and v e r y  
t rans ien t  LH penetration. It was a s sumed  that  evaporat ion would 
only depend on the available energy  i n  the ullage, o r  s imply  as  a 
f rac t ion  of q : Thus, 
2 
C 
qg = 0 .25  qc 
;IL = 0 (25) 
was  the a s sumed  co r re l a t ion  which, together with f m  = 0. 9, gave 
good ag reemen t  with t empera tu re  his tory,  GF2 usage,  and evap- 
ora t ion  f o r  T e s t  7, as descr ibed  in  Reference  2. Because of the 
s imi l a r i t y  of T e s t  5 f r o m  this p r o g r a m  to the previous T e s t  7, 
the same cor re l a t ion  was  used, together with f m  = 1. 0 and the 
NAR in jec tor  model.  This gave fair agreement ,  and conserva-  
tively predicted the tempera.ture his tory,  as shown in F igu re  42. 
However,  the G F  usage predict ion was high by 38 percent-2.22 kg 
(4. 898 lb)  compared  to the observed 1.612 kg (3. 552 lb). The data  
in  F igu re  42 indicated that the flow c h a r a c t e r i s t i c s  of the injector  
were  changing during the test-note that the predict ion f i r s t  l eads ,  
then lags ,  then again leads the data.  It w a s  thought that  while the 
in jec tor  was  being damaged by overheating, i t  operated a t  a sl ightly 
different  O / F  r a t io  and equi l ibr ium t empera tu re .  Assuming a n  O / F  
r a t io  of 30 and T equal to  1, 390°K (2, 5 0 0 " R )  gave good final 
t e m p e r a t u r e  cor re la t ion ,  as  shown in  F igu re  43, but the G F  usage 
was  s t i l l  predicted too high ( see  Table 7) and unexplained anomal ies  
still exis ted during the t e s t  (for t = 192, 321, 499, and 585 seconds) ,  
2 
J 
2 
Again Tes t  7 f r o m  NAS3-13306 was  analyzed with the new heat  
t r a n s f e r  mechanization, and with the Equation (25) in te r face  model, 
and gave excel lent  cor re la t ion ,  a s  shown in F igure  44. The G F Z  
usage compar isons ,  c u r r e n t  and previous,  a r e  shown in  Table 8. 
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Figure 44. Temperature Correlation for Test 7, NAS3-13306, Straight-Pipe 
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The evaporated mass was  a l s o  de te rmined  and is  d iscussed  in 
the next subsection. 
Ullage Gas Mass  and Tank Enthalpy Balance 
An ullage mass balance and ullage gas  and tank wall  enthalpy 
balance was  computed f o r  each  t e s t ,  
la ted f r o m  the measu red  p r e s s u r e  and loca l  t empera tu re  conditions 
m e a s u r e d  a t  the senso r  locations;  the t empera tu re  was  a s sumed  to 
v a r y  l i nea r ly  between the measu red  points. When conditions in the 
ullage changed slowly, the t empera tu re  s e n s o r s  were  able to  respond 
adequately,  and the mass balance gave reasonable  r e su l t s .  How- 
eve r ,  when the ullage t e m p e r a t u r e s  changed rapidly,  a s  during 
l a rge  ullage prepressur iza t ion ,  the r e sponse  lag of the platinum 
t e m p e r a t u r e  s e n s o r s  gave e r roneous  r e su l t s  fo r  the mass balance,  
Under these  conditions, the ullage was  actual ly  w a r m e r  than the 
s e n s o r s  w e r e  recording,  
"colder"  t e m p e r a t u r e s  was l a r g e r  than the ac tua l  mass. 
a l s o  occasional ly  occur red  due to  t empera tu re  extrapolat ion caused 
by mis s ing  senso r s ,  espec ia l ly  nea r  the L H  in te r face .  However, 
f o r  the l a r g e  ullage tes t s ,  the ullage mass stayed constant  within 
8 pe rcen t  o r  less, which confirmed that ullage mass addition did 
not occur, 
The ullage mass was  calcu-  
s o  that the mass computed f r o m  the 
This  effect 
2 
a s  was predicted by the ana lys i s .  
The mass balances fo r  the small ullage c a s e s  gave genera l ly  good 
r e s u l t s  because  of s lower changes i n  t empera tu re .  
i n  Table 9 and compared  with the predicted evaporation. 
These  a r e  shown 
A s  was the c a s e  fo r  the t e s t s  under  Contract  NAS3-13306, the 
enthalpy ba lances  were  r a t h e r  imprec i se ,  because  of t empera tu re  
s e n s o r  lag  and the requi rement  fo r  l i nea r  interpolation between a 
relat ively few wall  t empera tu re  senso r s .  
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Table 9 
MASS BALANCES, 5- PERCENT ULLAGE 
Ul lage  Mass  Computed Predic ted  
F r o m  Tempera tu re  Data Ullage Mass 
T e s t  Time (kg 1 (Ib 1 (kg)  (lb 1 
1 0 2. 55 5. 627 2. 55 5. 627 
4 4 .55  10. 013 4. 92 10. 834 
51 12.55 27. 650 11.79 25.990 
99 12.30 27.061 12 .72  28.040 
146 11.97 26.378 12. 84 28.344 
4 0 
4 
7 
67 
112 
160 
209 
265 
317 
5 0 
3 
73 
192 
321 
449 
585 
709 
797 
2.42 
4. 63 
4. 28 
9.  25 
11.00 
11.10 
11. 60 
(13. 46) 
(1 3. 43) 
2. 60 
3.  19 
2. 78 
6. 09 
6. 74 
7. 09 
7. 80 
(9.  85)  
(10. 67)  
5.336 
10. 198 
9.422 
20.408 
24.229 
24.449 
25.586 
(29. 668) 
(29. 593) 
5 .724  
7.  024 
6. 126 
13.410 
14. 852 
15. 609 
17. 171 
(21. 680) 
(23. 533) 
2. 42 
5. 0 5  
5. 51 
11.12 
12.10 
12.25 
12. 25 
4. ,I*
J, .a- 
2. 60 
2. 80 
2. 80 
4 .35  
6. 20 
8. 05 
8. 96 
8. 96 
8. 96 
5 .336  
11. 135 
12. 139 
24. 558 
26.666 
26.980 
27.001 
J, *I- 
.I,  
5.724 
6. 186 
6.186 
9.577 
13 .  662 
17. 738 
19.768 
19.768 
19.768 
:::Cor re la t ion not completed be caus e of te s t in terrupt ion.  
Parenthe t ica l  va lues  based on l i nea r  interpolation due to miss ing  
t empera tu re  s e n s o r s .  
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Table 10 shows the compar i son  between the predicted evaporat ion 
fo r  T e s t s  5 and 7 f r o m  NAS3-13306 using the c u r r e n t  and previous 
co r re l a t ions .  
under-predicted by the c u r r e n t  cor re la t ion ;  this  accounts  fo r  the 
inc reased  t e m p e r a t u r e  shown in  F igure  41. 
Note that the evaporat ion for  Tes t  5 is somewhat 
ANALYSIS MODIFICATIONS 
The j e t  pump in jec tor  capabili ty was added to the computer  ana lys i s  
by incorporat ing Equation (20)  fo r  the calculation of the je t -exi t  
velocity.  This  velocity is  a function of two new input quantit ies,  the 
j e t  pump O / F  r a t io  and the average  je t -ex i t  t empera tu re .  
hydrogen mass flow r a t e  (determined by the O / F  r a t io  and the G F 2  
flow r a t e )  i s  removed f r o m  the bot tom of the tank a s  liquid and added 
to  the mixed ullage region. 
is used a s  before  in the p r o g r a m  when a z e r o  is  input for  the O / F  
rat io .  
The pumped 
The conventional s t ra ight-pipe injector  
Additional p r e s s u r e  regula tor  options were  added to  the p r o g r a m  a s  
follows: 
specified multiple of the tank p r e s s u r e ;  3 )  del ivery  p r e s s u r e  specified 
by a n  input t ime-var iab le  table;  4) option 3 switching to  option 1 a t  
the end of p rep res su r i za t ion ;  and 5 )  option 3 switching to option 2 a t  
the end of p rep res su r i za t ion .  
1) constant  del ivery p r e s s u r e ;  2 )  de l ivery  p r e s s u r e  a 
The rev ised  relat ionship f o r  the equivalent forced  convection heat  
t r a n s f e r  velocity U is fo 
. 0 6  UJo 
During the G F  
convection heat  t r a n s f e r  coefficient i nc remen t  f r o m  the previous 
in jec tor  on- t ime is  added to the calculated free-convect ion coefficient; 
valve off-t imes,  the l a s t  computed value of the forced 2 
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this  is in  con t r a s t  to the previous model  which added forced  convection 
only when the in jec tor  was  flowing G F  
convection heat  t r a n s f e r  affects  only the mixed ullage region. 
the mixed  ullage region is retained during the injector  off-t ime a t  the 
l a s t  computed value of the mixing depth f r o m  the previous injector  on- 
t ime;  this  is in cont ras t  to the previous mode l  in  which the subdivigion 
of the en t i r e  ullage into nodes was  permi t ted  to  occur  during the injec- 
t o r  of f - t imes ,  
by Equation (24) .  
m a n n e r  as the prev ious  relat ionship [Equation (23)l .  
As previously,  the forced  2'  
However,  
The  r ev i sed  interface heat  t r a n s f e r  re la t ionship is given 
This  equation is used in the p r o g r a m  in the s a m e  
MTI SYSTEM CONSIDERATIONS 
The f i r s t  s tage preheat ing and the second s tage H2 asp i ra t ion  which 
o c c u r s  with the NAR injector  contribute to  increased  penetration, 
mixing, evaporation, and reduced ullage gas  t e m p e r a t u r e s  and G F  
consumption. However, the injector  as  designed to  pump L H  would 
r equ i r e  a regulator ,  a l a r g e r  valve, and a vacuum-jacketed L H  
feed l ine.  
GH2, the heavy vacuum-jacketed line could be eliminated, but the 
in jec tor  regula tor  and l a r g e r  valve, i f  flight-weight, could add 
perhaps  3 .2  kg (7. 0 lb )  to  the s y s t e m  weight; a t  the s a m e  t ime,  fo r  
complete  expulsion in a 28. 3 -m3 (1, 000-ft ) tank, perhaps  3.2 kg 
(7 .0  lb )  of G F  
straight-pipe s y s t e m  tested under Contract  NAS3- 13306. 
prev ious  p rogram,  a n  advanced Centaur  vehicle MTI s y s t e m  was 
designed and analyzed. 
tion, a diffuser- type injector  w a s  used, but excel lent  penetration, 
mixing, low G F  usage, and cold ullage t e m p e r a t u r e s  were  obtained. 
2 
2 
2 
If the in jec tor  were  redesigned to effectively a sp i r a t e  
3 
would be saved, compared  to the nonoptimized 2 
In the 
Because of the low g-field during p r e s s u r i z a -  
2 
Injectant  penetrat ion is c l e a r l y  the m o s t  impor tan t  p a r a m e t e r  in 
obtaining good MTI p res su r i za t ion  per formance ,  and through 
sui table  select ion of injection cha rac t e r i s t i c s ,  the  MTI s y s t e m  can 
be  designed to de l iver  whatever  leve l  of pe r fo rmance  is des i red .  
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CONCLUSIONS 
The conclusions f r o m  this  comprehensive analyt ical  and exper imenta l  
p r o g r a m  are  as  follows: 
A. A unique je t -pump injector  was  designed and fabricated by 
North Amer ican  Rockwell-Rocketdyne (NAR),  and tes ted in 
the 28. 3 - m  (1, 000-ft ) flight-weight L H  t e s t  tank s y s t e m  
used in Contract  NAS3-13306. The MTI control  and injection 
s y s t e m  was  modified with the addition of a special ly  designed 
proport ional  G F  p r e s s u r e  regulator ,  en l a rged  injector  valve, 
and vacuum-jacketed injector  LH feed line, and per formed 
in a nominal fashion, controll ing the tank p r e s s u r e  to within 
0. 69 x 10 (1. 0 p s i a )  under essent ia l ly  all conditions. 
The NAR injector  was  able t o  je t -pump LH 
steady-  s ta te  conditions when completely chilled (with a full 
LHZ tank).  During l a rge  ullage t e s t s  and during all cyclic 
operat ion of the MTI sys t em,  the injector  pumped only H2 
vapor ,  which resu l ted  in damage to  the  LH 
f r o m  overheating. 
3 3 
2 
2 
2 
4 2 
N / m  
B. only under 2 
pumping annulus 2 
C. The f i r s t  s tage preheating of the G F  injectant,  and H vapor  2 2 
pumping, resu l ted  in increased  j e t  penetrat ion and ullage 
mixing f o r  the NAR injector ,  which gave improved MTI 
p res su r i za t ion  per formance  (reduced ullage t e m p e r a t u r e s  
and G F  consumption) compared  to that of a nonoptimum 
straight-pipe injector  tes ted under Cont rac t  NAS3- 13306. 
D. The  MTI p res su r i za t ion  computer  code, H819, was  used 
successfu l ly  to  c o r r e l a t e  the d a t a  f r o m  the NAR injector  
t e s t s  with only minor  modifications.  
2 
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